JOURNEE QUANTIQUE organisée par le GT RO Quantique du GDR RO
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m Déroulement

¢ Lmgy opinion, the crucial experiment (which has

Introduction not yet been done) would be to compare the
u D-Wave adiabatic algorithm headon against simulated
i Limitationdef QI NI K/Adés $1€ancz=N@IBO annealingand other classicaheuristics Theevidence
U Fami”edesgraphe@n for the adiabaticl f 3 2 N:ﬁ@éfdﬂhﬁﬁbéWOUld be
much more convincing if the known classical
Partie 1 : Résolution du probléme de maximumatching alg(;rlthr_nsttook exponential time on the same
) . randominstances
U De Ga QUBO
@aQ ScottAaronson

U De QUBO a-Wave

Partie 2 : Résultats
U Interpretation
U Conclusion ?

Partie 3 : Pour aller plus loin
U Question 1
U Question 2
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TOUTE ACTUALITE / DATACENTER / MAINFRAME ET SUPERCALCULATEUR

A Recent History 1994 2000 15 millions de dollars pour l'ordinateur quantique

Peter Shor develops Eddie Farhi at MIT
19 8 2 algorithm that could be developsidea for 2 O 1 3 D-Wave 2000Q
Richard Feynman used for quantum code- adiabatic quantum B o 3 3 Gt N I i
i o -Wave Two

envisions quantum breaking computing ) 1

X = @ 512 qubits e
computing e 1 :

= | D-Wave Systems a annoncé hier la disponibilité générale du 2000Q, un ordinateur

présenté comme quantique a 2000 qubits, soit deux fois plus que son systeme
précédent. Une entreprise de cybersécurité a déja passé commande. Prix du nouveau
systéme : 15 millions de dollars.

D-Wave Systems D-Wave One:

founded by Geordie first commercial

Rose quantum computer,
128 qubits

David Deutsch describes
universal quantum
computer

SN

B Machine quantique analogique

B Machinespécialisée dans la résolution d'un difficile probleNfedifficiles.

B Utilise unalgorithme similaireau recuitsimuléA (méta)heuristique pour résoudre rapidement des classes de
problemes complexes (problemes d'optimisation, d'apprentissagehineou de recherche opérationnelle) inspirés
de la physique statistique

B D-Wave est donc une sorte d'oracle d'optimisation pour le probleme typagi&a machine (verrde spin) utilisantes

phénomeénes quantiques

m[QARSS Rdz ¢t Y
m Comportement/Performancsur un probleme connu pour étre diffici{existet-il un facteurd'accélération entre QA
et SA
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m LE RECUIT QUANTIQUE

B Principe[FARHI 2000] : Interpolation entre tHamiltoniendifficile a déterminer (HP) et udamiltonienfacile a décrire (HO
m Configurationdet Q1 | Y Aibitial2 Y)Y/ A(t)Ho + B(t)Hp

B Avec urétatinitial facile: Ho =Y, o7

B Evolution "lente” veré Hamiltoniendécrit comme un modele'lsing: [Hp =3 hiof + > Ji,jafajf}

B InitialementB(t = 0) = 0 eit=7)=0 A H({t=0)=A(t=0)Hy

mog2fdziA2y RS A HEH=BEDrn £ G T
|l 0G0 Sa0 b NBOdzZA U b a2dza dzyS F2NXYS LJzNBYSyd Of I &

Théorémeadiabatique[MESSIAHO79]:{ A f US @2t dz0A2y GSYLRNBfO)S[Saazfadaspry
est obtenueavec une forte probabilité
(le systeme reste dans l'état fondamental et son état final décrit une solution au problésnegd’
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PROBLEMES ADRESSABLES ?

Problémes combinatoires : Problémes discrets avec un nombre extrémementgrénd a 2 £ dzi A 2lya Y I A& X

NNNNNNN
Cambridge

Germany

Voyageurde commerce (Nfhard) : Chercher un chemin entre N vill&s N! possibilités
Aucun algorithme (classiqiet/ou quantique) ne peut trouver une solution exacte rapideme

sey

The traveling salesperson problem is an optimization problem t
can be solved using exactiye-true constraints© 2009), Google.

(Bipartie(polynomial): problem de matchingProbleme de couplage couvrant autats ~ 4 \
-sommets quepossible”A N! solutions possibles sur un graphe compheparti |
| I
‘h n " n " n " n " n " n " n " n " n " n " \ / n /.

Result: unoptimised vs optimised traffic 5

Optimisation des flux de trafic Minimiser le temps de parcours d'un ensemble de
voituresA Algorithmesclassiques inefficacgmur ~milliers de véhicules 59
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ARCHITECTURBNave QPU TOPOLOGIES

l Q P U . Pulse tube dilutionrefrigerator

8-gbit unit cell i ; : e o
Obitimplementation 1152gbit « Washington» chip ;.
-RfSQUID* FluQbit

-CompoundCompound
Josephson Junction

Niobium onsilicon

quantum
superposition annealing

| lfJLFIIfJ[IIfAHIE._!FIH
0

J8/I

)

D:\Wavlke

The Quantum Computing Company™

D-Wave, Burnaby, Canada

=
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RESOLUTION DES PROBLEMES AVBRUD

B Pour leQPU ilsingou QUBO

B Modeled'lsing: Traditionnellemenutilisé en mécaniqustatistiqueA f!_es va}siables sont de type "spinupyY B MU
1] . T . _ i J?'-Z‘ J
et"spin down™ @ :-1). 75 S~ hi : coefficientdinéaires

B Fonction objectif : % correspondant aux biais
desqubits

N N /,m
Eising(s) = Z hio; + Z Jijoi0; Ji,jlescoefficients
i i<j ~~ quadratiques
correspondant aux

N\, forces decouplage

B ModeleQUBQ Traditionnellement utilisé emformatique (variable binaire)y matrice triangulaire supérieure Q

de tailleN xN
B Fonction objectif :

0(Q,x) = Z Qiizi + Z Qijxix;

1<J

Qijest la force de
couplage entre les
variables

B ISING—>QUBO :

Qiiest le biais pour la
variable xi.

Vi, Qi = hy, Vi, 5/i # 7, Qij = Jij, Vi, s; =2x; — 1
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INTEGRATION DU QUBO SUNRAYE ET LIMITATION

B Intégrationde la matrice QUBO dans le grapmerne desqubits physiques

o 1 2 3 4 5 6 7
B Approche directemenintégrable(exemple fictij : 017 0 0 0 -5 2 —21 0
170 17 0 0 =16 -1 0 9
210 0 17 0 -1 0 4 0
310 0 0 0 16 0 8 |,
410 0 0 O 17 0 0 O
5/ 0 0 0 0 0 17 0 0
6/ 0 0 0 0 0 0 17 0
700 0 0 O 0 0 0 17
Pas deproblémepour le BWave!

QP 1 variableA N qubits

Pas assez de connexiagrdre lesqubits (hi) A 0 1 2 3 4 5 6 71 N
i I 017 0 (4 5 2 —21 0 8
maximume! 1| 0 17 é—m 10 9 \j@{—%
_ o _ 200 0 17 - 0 0 N\g
B Variable 1,2,5,dupliqué3 fois 3p0 0 0w ®@Q 5 /
m Varlable O,3,4,@Up|qué2f0|S 500 0 0 0 0 0 0 v
B Nombretotal de couplages15 Glo o o0 00 o
B Nombretotal de qubitsutilisés 20
Plusieursgubits physiques sont UNE variable du probléme™ N

Si le graphe induit par les couplages non ndésla matrice n‘espas isomorphe au graphe déhimera
A il est nécessaire de dupliquer la ou les variables sur plusieunsits physiques !
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LIMITATION (SUITE)

B Intégration de la matrice QUBO dans le graphe interne debits physiques
1 variableA 1 qubit

Nombretotal de couplages 384 arétes!

o Repartition des coefficients dans la matrice 100
P i IR et s s P TS Moy
Ll ':- B L _-J_-:'.: - _: N, :_.:__:-_-_-_:—-.-r_'.-_
] Tem F TR e T S AL LT T gl 80
20 |-
1 60
40
o 40 =
=1 =
E 20 B
K E=
5]
= 60} o S
5
- =
] 720 =
& so £
=
—40
1[}[};— — 60
f : : : : : : —80
O R S e
L 1 1 1 1 1 1 7100
o] 20 40 60 80 100 120
Axe i de la matrice

128 h(qubits) +8128]; (termes de couplages)

GrapheChimeradx4A 128qubits physiques

Latopologie ne représente que 4% du nombre total de coupleurs nécessaires
pour intégrerla matrice dans le pire des cas.
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Définition du probleme de couplage

. SYOKYFNJ Ay3 vdzl yidzy lngtah&s dthe Bipartite Matchigga G & | |
Problem
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DEFINITIO®U PROBLEME

Problemede Matchingdansle casgénéral:
But :sélectionner un ensemble d'arétes qui donmecouplageet qui maximisde nombre de @-e

sommets couverts. "«

ProblemePolynomialp Algorithme polynomial (Edmondpgermetde le résoudre !

Exemple sur un graphe compl
B Problemede Matching sur urgraphebipartie :

ProblemePolynomial
Polonaid algorithmede flow lerésout

B Probleme de Maximunmatching: AR A A ®
[sasakil988]A Cas particuliers nécessitant un nombre kq,/{
exponentield'itérations pourobtenir lasolution optimale. Y%

A

A Etmémef Q2 SA f

ommets A non connectés entre eux et idem pour les sommets
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m DEFINITIOI®U PROBLEME DE MATCHING

Sélection des arétes au bords : ® (@) D () D (D
A Valideet solutionoptimale \\/

SO—e
\V
e ol

N/
6\

©)

&

€

CL

@ &
CL.

C:j

C_x

®

SélectionR Q dayétesdansun bipartie: Example all theed edgeshave a value of 1
A suppression de deux sommets

Nombre de sommets : O¢n
b2YONBE RQIFINkOSa Y
NombreR QI Napuir I8 Solution optimal O(n?)
A Diffcile pour le recuit simule

/
N7, —
16 edged 8 vertices 4 edged 8 vertices

[sasakil988]: Le temps de calcul cragkponentiellementavec le nombre de sommets du graphe (la plupart des variables
trouvent dans des sougraphes denses).

Objectif.: Comparer QA avec SA
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Résolution du probléme denatchingl SO f Q2 N
guantiqgue analogique

. SYOKYFNJ Ay3 vdzl yidzy lngtah&s dthe Bipartite Matchigga G & | |
Problem
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m PROBLEME DE COUPLAGE VERS QUBO

mtNRofsYS RS 02dzL) I 3S a QS ONpdyramghte lindaW&Sdn hotnbrés \Eritigiddscoatiainfed) 7
vs QUBO (pas de contraintes)

A 1 variable pour chaque arréte du graphes {0.1}1 si e C (couplage) 0 sinon
mC2yOQiUA2Yy SO2y2YAIl dzS Y al EAYA&A3NI £ S Y2YONB RQINNX (S:

. ecE
B Contraintes
Pour chaque sommets v : Y z.<1 Chaque sommet est couverts au plus une fois
ecl'(v)

A Parmitoutes lesarrétes incidentegn un sommet: Uneseulefait parti du couplagedqontrainte linéaire)

Transformation du couplage en QUBO
A QUBO sans contraintes : Rajouter une pénalité sur la violation des contraintes de couplages !

B Technique de pénalitd Mettre cescontraintes dangafonction économique

2
o Te — A 1— Te Avec<grandde maniere génaliseres solutions qui ne satisfont pkes
MaX|m|sere;3 g‘; ( Z> ) (QUERHraintes

Contraintes dnolles» A Solution gui accepte les non couplagtrif{es lessolutions mémecelles quviolent les contraintes)

ecl'(v
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INTEGRATION DE G1 SUWRAYE

B STEP 1IFORMULATION DU PROBLEME

Pénalitesur la violation des contraintes de couplaggeMaximise Zﬂ? — A Z 1= Z Te
ecek veV ecl(v)

Construction de lanatrice QUBO

@ S F danielvm@danielvm-VirtualBox: ~/Desktop/tp_dwave

@danielvm-VirtualBox:~/Desktop/tp_dwave$ python Gn2QUBO.py
G', 1)

Termes diagonaux: Qe = —(1+2X)

2\ ifene #0,

Termes Nordiagonaux: Q.. = { 0 otherwise

0 1 2 3 4 5 6 7

A1 B\ @ 32 0 © 16 0 0 0 0

1 L 1 1 1| T 0 16 16 0 0

2| 0 ‘ 0

30 16

4| 0 0

| 1 2 2 50 0 16

A2 @ @ By 6| 0 0
71 0

7 7 -17
danielvm@danielvm-VirtualBox:~/Desktop/tp_dwaves [J
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INTEGRATION DE G1 SURAYE

STER : INTEGRATION DES VARIABLES

0 1 2 3 4 5 6 7
0| -—17 0 16 16 0 0 0 0
1 0 —-17 0 0 16 16 0 0

S I A A A A T R A T A TR I

2 0 0 —17 16 16 0 16 0 S A partl 1 @ G n to QUBO FHfHHHHHHHHHHHHHEH
3 0 0 0 =17 0 16 0 16 |, st A o I I S A
4 0 0 0 0 17 16 16 0
5 0 0 0 0 0 17 0 16 .
6 0 0 0 0 0 0 —17 0 HHAHE R AR EEE construction du qubo et du graph ##ustusa#uss
710 0 0o 0o 0o 0 0 -17 n=t

nb_gbits = 31

g node = read gbits(nb_gbits, "noeuds 2.txt")
#print("nb_qubits :", g_node)

g _dw2x = read coupleurs(nb_gbits, "coupleurs_ dwaves.txt")
#print("nb_coupleurs :", g_dw2x)

#print()

g_nodep = read_gbitsp(nb_gbits, "noeuds_p.txt")
#print("nb_qubits p :", g _nodep)

g _dw2xp = read coupleursp{nb _gbits, "coupleurs dwavep.txt")
#print("nb_coupleurs p :", g_dw2xp)

e

General Embedding

General embedding refers to embedding that may be useful for any type of graph.

The primary utility function, find embedding() , is an implementation of the heuristic algorithm
described in [1]. It accepts various optional parameters used to tune the algorithm’s execution or

constrain the given problem.

This implementation performs on par with tuned, non-configurable implementations while
providing users with hooks to easily use the code as a basic building block in research.

[1] https:/arxiv.org/abs/1406.2741

ﬁnd_embedding() [source]

Heuristically attempt to find a minor-embedding of source graph S into a target graph T.

Parameters

« S (iterable/NetworkX Graph) - The source graph as an iterable of label pairs representing
the edges, or a NetworkX Graph.

o T (iterable/NetworkX Graph) - The target graph as an iterable of label pairs representing
the edges, or a NetworkX Graph.

« **params (optional) - See below.
Returns

When the optional parameter return overlap is False (the default), the function returns a

Q1,norma=gntoqubo(n)
print Q1

H = nx.Graph()
H.add nodes from(g_nodep)
H.add edges from(g dw2xp)

HEHHAHHAHUBHUBHERHBHHRHHRRY T
embedding = find_embedding(Q1
print("transformation "

, @_dw2xp, random_seed=1000000000)
, embedding)},"\n"

NN\
f QSYSNHA S

2YYA&alkNARFG t

FG2YAljdz§ SiG FdzE SySNBASA

| fdanfehvert2@ceadra

mappage de G _n sur le graphe BAEHEEEHHHHHHEHITTHIHETTYE



INTEGRATION DE G1 SUWRAYE

B STER:INTEGRATION DES VARIABLES

0 1 2 3 4 5 6 7
0] —17 0 16 16 0 0 0 0
1 0 —-17 0 0 16 16 0 0
2 0 0 -17 16 16 0 16 0
300 0 =17 0 16 0 16 |, General Embedding
4 0 0 0 0 —17 16 16 0
b 0 0 0 0 0 —-17 0 16 General embedding refers to embedding that may be useful for any type of graph.
6 0 0 0 0 0 0 —-17 0
7 0 0 0 0 0 0 0 —=17 The primary utility function, find e ing() , is an implementation of the heuristic algorithm

described in [1]. It accepts various optional parameters used to tune the algorithm’s execution or
constrain the given problem.

[1] https:#arxiv.org/abs/1406.2741

find_embedding() [source]

Heuristically attempt to find

or-embedding of source grappgso a target graph T.

Parameters

* S (itBrable/NetworkX Graph) -g#® source graph as an iterable of label pairs representing
the edges, or a Nepyua®X Graph.

o T (itcg®€/NetworkX Graph) - The target graph as an iterable of label pairs representing
the edges, or a NetworkX Graph.

danielvm@danielvm-VirtualBox:~/Desktop/tp_dwave$s

* **params (optional) - See below.
Returns

When the optional parameter return_overlap is False (the default), the function returns a

__?::‘$‘ Solution : dupliquer legyubits physiques !
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INTEGRATION DE G1 SUWRAYE

B STER:INTEGRATION D&ESRIABLES

Solution:
VOA qubits26
V1A qubits18
X
V4 A qubits29 et 27
X
Total:
| 28], 7: 21, 1713 8 Variables pour 18ubits
danielvm@danielvm-VirtualBox:~/Desktop/tp_dwaves [ (1.5 fois plus deubits)

Duplication deQubitA Plusde variables et de coefficients non nuls dan®8@BO
A Contraintessupplémentaires (contrainte forte sur lgsibitsdupligués qui doivent étre a la méme valel
A Augmentationde I'amplitude des coefficients pour représenter mon probleme
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INTEGRATION DE G1 $\WRAVE (D2000Q)

B STER:INTEGRATION DES VARIABLES

I onal )
HUSHHG BB SRR partl 1 @ G_n to QUBO #HBd#iitsitt sttt i R T 4 R

BHERGH BB AR AR R R R R R R AR R R R R R R R R R R R R R R R R R R R R RS . . .
max_no_improvement (int, optional, default=10):

X Maximum number of failed iterations to improve the current solution, where each
BHARGH R R R EERE construction du qubo et du graph #HHEHHHEHHHERHHEERHERRHERRREY . ) . 3 . A
n=1 iteration attempts to find an embedding for each variable of S such that it is adjacent to

all its neighbours.
nb_gbits = 31

random_seed (int, optional, default=None):
g_node = read_gbits(nb_gbits, "noeuds_2.txt")
#print("nb_qubits :", g _node)
g_dw2x = read_coupleurs{nb_gbits, "coupleurs_dwaves.txt")
#print("nb_coupleurs :", g_dw2x)
#print()

Seed for the random number generator. If None, seed is set by os.urandom() .

timeout (int, optional, default=1000):

Algorithm gives up after timeout seconds.
g_nodep = read_gbitsp(nb_gbits, "noeuds_p.txt")
#print("nb_qubits_p :", g_nodep)

g_dw2xp = read_coupleursp(nb_gbits, "coupleurs_dwavep.txt")
#print("nb_coupleurs_p :", g_dw2xp)

max_beta (double, optional, max_beta=None):

Qubits are assigned weight according to a formula (beta”n) where n is the number of
chains containing that qubit. This value should never be less than or equal to 1. If None,

01,norma=gntoqubo(n) max_beta is effectively infinite.
s =

print Q1 - )
tries (int, optional, default=10):

Number of restart attempts before the algorithm stops. On D-WAVE 2000Q, a typical

H = nx.Graph()
P restart takes between 1 and 60 seconds.

H.add_nodes_from(g_nodep)
H.add_edges_from(g_dw2xp)
inner_rounds (int, optional, default=None):

The algorithm takes at most this many iterations between restart attempts; restart

S e recherche du mappage de G_n s le graphe #####HHHERHHEREHEHE T attempts are typically terminated due to max_no_improvement . If None, inner_rounds is
embedding = find_embedding(Q1, g_dw2xp, random_seed=1000000088)
print("transformation : ", embedding),"\n"

effectively infinite.

Changerlseedd R2y O OKIF y3ISNI f QSYRNRA U R
sur la puce) change la qualité de la solution ?
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INSTANCES SUR DWAVE (D®/2XX95qubits)

) 0.1
- A C

§ [
(’.
l’ Y
=
24
i
e 3
74
(i
£
) €
o e
e T
(-':':j y
o B

8 variables 27 variables 64 variables 125 variables

16 qubits physiquesA ~2% 100qubits physiquesA ~10% 431 qubitsphysiques”A ~40% 951 qubitsphysiques”A ~87%
Moy. dup. : 2.0 Moy. dup. : 3.7 Moy. dup. : 6.7 Moy. dup. : 7.6

12 coefficients non 0 72 coefficients norD 240 coefficients norD 600 coefficients norD

Daniel Vert. Etude des performances des machines a recuit quantique pour la résolution de problémes comhinateisegParisSaclay, 2021 del-03208838vZ
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https://hal.archives-ouvertes.fr/tel-03208838v2

INTEGRATION DE G1 SUWRAYE

B STEP 3QUBO SUR DWAVE

0

1

2

3

—17

W= o

—
CcC oo oo

-] & Ut

0

—17

1

0

o o o C

16

(e en B an i an B an JEN @}

16
0
16

0

0 0 0 -17

QUBAQNIt

2

3

0 0.94

-1

I 2YYAaal

0

0.94

0 0

-1 094 0

N |

['J

1

t

.94

0 0 0
0.94 0 0
0 0.94 0

094 094 0

f QSYSNHA S

ielvm@danielvm
init s [

Fd2YAldzS S

 dzE SY SNHA S&

| daniehvert2 @cea dra

h_range

e | e [0 oo
| Salvers: | B [ Bvmc

Range of values possible for the qubit biases (linear coefficients), h, for this sclver.

The auto_scale parameter, which rescales b and J values in the prablem to use as much of the
range of it (h_range) and the range of J (j_range) as possible, enables you to submit problems with
values outside these ranges and have the system automatically scale them to fit

Example

For the solver configured in the example setup above,

»» gpu_advantage. properties["h_rangs"]
[-z.8, 2.8]

j_range

[ Supported | Leapis Hypric [ GPU_ [ Other ]
| Salvers: |l B B ]

Range of values possible for the coupling strengths (quadratic coefficients), J, for this solver.

The auto_scale parameter, which rescales b and J values in the prablem to use as much of the
range of k (h_range) and the range of J (j_range) as possible, enables you to submit problems with
wvalues outside these ranges and have the system automatically scale them to fit

See also extended_j_range.

Example

For the solver configured in the example setup above,

3> qpu_advantage. properties[~j_rangs"]
[-1.e, 1.8]

Normalisation dans les
parametres debWave




INTEGRATION DE G1 SUWRAYE

B STEP 3QUBO SUR DWAVE

danielvm@danielvm-VirtualBox:~/Desktop/tp_dwave$
X h . ) ): 16, | :

0 1 2 3 4 5 6 7
0| —17 0 16 16 0 0 0 0
1 0 -17 0 0 16 16 0 0
2 0 0 —17 16 16 0 16 0
3 0 0 0 -17 0 16 0 16
4 0 0 0 0 -17 16 16 0
5 0 0 0 0 0 17 0 16
6 0 0 0 0 0 0 —-17 0
7 0 0 0 0 0 0 0 -17

QUBAQNIt

0 1 2 3 4 5 6 7
0|-1 0 094 094 0 0 0 0
1 0 -1 0 0 094 094 0 0
0 0 -1 094 094 0 0.94 0

3 0 0 0 -1 0 094 0 094
4 0 0 0 0 -1 094 094 0
5 0 0 0 0 0 -1 0 094
6 0 0 0 0 0 0 —1 0
7 0 0 0 0 0 0 0 -1
QUBOnhorm
(17, 17) 1)
# Embed the QUBO danielvm@d vm-VirtualBox:~/Desktop/tp_dwaves [J

target Q = dimod.embed qubo((1, embedding, H)
#print np.asarray(target Q.items())

Ud= np.asarray(target Q.items())[:,1]/4 # normalisation de dwave pour la duplication I\/Ia'[l’ice QUBO intégrable sur |
QUBO=dict(zip(list{target Q.keys()),Ud))
print("QUBO dwave:", QUBO), "\n" graphe de BWNave
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DWAVE LEAP

D:wave @eap Dashboard

B STEP 4ParameétredDWave
Dashboard

Getting Started

Interactwith our demos

Exploreour examples
P P INTERACT WITH OUR DEMOS EXPLORE OUR EXAMPLES ACCESS OUR RESOURCES

Accesurresources Find out how D-Wave quantum computers Learn from example applications or build Demos, documentation, and tools to help
work by running our brief demos. your own in our Leap IDE. you harness the power of quantum
computing.

‘ What's New > Monthly Usage Summary @

@eap ALL NEW IDE EXPERIENCE
= = Usage Details

Hybrid Solvers Total (all regions) ¢ 0

NN NN NN NNN
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DWAVE LEAP

B STEP 4PARAMETRES DEVBVE

@ Europe (eu-central-1)

Solver Name

QPU

Advantage_system5.1

Advantage performance update

/.

@ North America (na-west-)

Solver Name

Hybrid

hybrid_binary_quadratic_model_version2
Hybrid solver for general BQM problems, version 2.0

hybrid_constrained_quadratic_model_version1
Hybrid solver for general CQM problems, version 1.0

hybrid_discrete_quadratic_model_version1
Hybrid solver for general DQM problems, version 1.0

QPU

Advantage_system4.]
Advantage performance update

DW_2000Q_6

D-Wave 2000Q lower-noise system

/I 2YYAdal NAIFG £ fQSYSNHAS

Status

Online

JULICH

Forschungszentrum

Status

Online
Online

Online

Online

Online

Fd2YAljdS S

Parameters Q Searc

Properties

Advantage_system5.1

Advantage performance update

See System Documentation @ for more information on solver properties.

= O §

Online 5619 16.4:041

QC STATUS WORKING QUBITS QUBIT TEMP (MK}
NUM_QUBITS

5760

QUBITS Copy Values

[ |
[30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,

Properties Parameters Q Search properties
DW_2000Q_6

D-Wave 2000Q lower-noise system

See System Documentation for more information on solver properties.

= O I

Online 2041 13.5:1
QC STATUS WORKING QUBITS QUBIT TEMP (MK)
NUM_QUBITS

2048

QUBITS Copy Values

[ |
[e,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,2

Properties Parameters Q Search properties

hybrid_binary_quadratic_model_version2

Hybrid solver for general BQM problems, version 2.0

See System Documentation @ for more information on solver properties.

MINIMUM_TIME_LIMIT Copy Values

[[1,3],[10624,3],[4096,10],[10060,40], [30000,200],
[100000,600], [1600060,600] ]

MAXIMUM_TIME_LIMIT_HRS

24

MAXIMUM_NUMBER_OF_VARIABLES

/

Parameters Q searc

Properties

Advantage_system4.1

Advantage performance update

See System Documentation @ for more information on solver properties.

@) & !

Online 5627 15.4:01

QC STATUS WORKING QUBITS QUBIT TEMP (MK)

NUM_QUBITS
5760

QUBITS Copy Values

I dzE Sy SNHA S& | fdaniehgrt2@ceadra

B
[30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,
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INTEGRATION DE G1 SURAYE

B STEP 4PARAMETRES DEVBVE

daniel vert
Problem Status Q Search by problem label Y FILTER (:J
Status of your last 1000 problems
HHAHBHAR AR H AR AR HBE AR AR B R R R BHBH B AR H R B H B R H AR B R R R B AR AR AR H R BB H B R H AR B TR ACCOUNT TYPE
HHE R partie 2 1 dwave_ leap #u#HERHHHHRHHHRHHHEETY GET MORE ~ . ~
A S T A S A T B A I . Trial Plan Problem Label T & Submitted On (UTC)~  Ended ¢ Status
import dwave_sapi2
from dwave_sapi2.remote import RemoteConnection TRIAL PLAN EXPIRY @ No Results
from dwave_sapi2.core import solve_ising, solve_qubo September 4, 2021 (UTC)
url = "https://cloud.dwavesys.com/sapi/’
token = 'DEV-32b473f753T4641ca3e87d4318f325295665204"
# create a remote connection API Token
conn = RemoteConnection(url, token)
T ] ¢
solver = conn.get_solver('DW_2000Q 6') DEV-9a433f8b18815adf6! &
#solver = conn.get_solver('Advantage system4.1')
" " " " " W Wk woow COPY
params = { "num_reads": 1808, "max_answers": 1000, "answer_mode": "histogram", "auto_s
# solve QUBO problem with parameters
answer = solve_qubo(solver, QUBO, **params) RESET .
print"\n" Page 1 % of 1 El CANCEL ALL PENDING
print("Energie:", answer["energies"])
print("Nb occurences:", answer["num_occurrences"])
i=0
count = 0
while (answer["energies"][i]*(norma) <= -68)
count = count + answer["num_occurrences"][1] Support
i=14+1 . Usage Statistics Pexport O
Our community is at the
heart of everything we do. View up to 90 days of Leap resources usage.

print([energie*(norma) for energie in answer["energies"]]) T
Get support by joining the

conversatinn

print("Taux de réussite : " + str(float(count)/sum(answer["num_occurrences"])))

print("Energie moyenne : + str(sum([answer["energies"][1] * answer["num_occurrences"][1] for i1 in range (len(answer["energies"]))]) / sum(answer["num_occurrences"])*(norma)))
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INTEGRATION DE G1 SURAYE

The examples below use the following setup:

- S I EP 4PARAM ETRES D.MVE >>> from dwave.system import DwWwaveSampler, LeapHybridSampler, LeapHybridcQMSampler

>>> qpu_advantage = DwWaveSampler(solver={'topology__type': 'pegasus'})
>>> qpu_2888q = DWaveSampler(solver={'topolegy__type': 'chimera'})
*>> hybrid_bgm_sampler = LeapHybridSampler()

>>> hybrid_com_sampler = LeapHybridcoMsampler()

frdidedidididededdodadibadadebidebifedididadidedadedided Sed bbb eddabibib Seb bbb hidchdabib b dukiibidhid kbbb b did bbb dubidib did bbb dubibib it S bbb bbb dib it b g 4
HHHEREH R partile 2 @ dwave_leap #H R
fididedididifegiasidasibididedi i Bgidbidadididigadif ey edi bbb d GG Biyiih 65 b s gty b S G b b G i bbb GG S bbb b b g is 8650

anneal_offset_ranges
anneal_offset_step
anneal_offset_step_phi0
annealing_time_range

import dwave_sapi2

from dwave_sapi2.remote import RemoteConnection « beta_range
from dwave_sapi2.core import solve_ising, solve_qubo « category
« chip_id
url = "https://cloud.dwavesys.com/sapi/’ c1|p_||
token = 'DEV-32b473f753F4641ca3e87d4318f325295665204(" - coupiers
« default_annealing_time

default_beta
default_programming_thermalization
default_readout_thermalization
extended_j_range
h_gain_schedule_range

h_range

j_range
max_anneal_schedule_points

# create a remote connection
conn = RemoteConnection(url, token)

—Ter—rire—sreT
solver = conn.get_solver('DW_2000Q 6')
#solver = conn.get_solver('Advantage system4.1')

params = { "num_reads": 1000, "max_answers": 1800, "answer_mode": "histogram", "auto scale": True, "annealing time": 20}§% "num_spin_reversal_trans - max_h_gain_schedule_points
maximum_number_of_biases
maximurm_number_of_constraints
maximum_number_of_guadratic_variables
maximum_number_of_variables
maximum_time_limit_hrs
minimum_time_limit
minimum_time_limit_s
num_biases_multiplier
num_constraints_multiplier
num_gqubits

num_reads_range
num_variables_multiplier
parameters
per_qubit_coupling_range
problem_run_duration_range
programming_thermalization_range

# solve QUBO problem with parameters

answer = solve_qubo(solver, QUBO, **params)
print"\n"

print("Energie:", answer["energies"])

print("Nb occurences:", answer["num_occurrences"])

i=0
count = 0
while (answer["energies"][i]*(norma) <= -68)

count =
i=1+4+

count + answer["num_occurrences"][1]
1

print([energie*(norma) for energie in answer["energies"]])

print("Taux de réussite + str(float(count)/sum(answer["num_occurrences"])))

print("Energie moyenne + str(sum([answer["energies"][1] * answer["num_occurrences"][1] for i1 in range (len(answer["energies"]))]) / sum(answer["num_occurrences"])*(norma)))
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RESULTATS DE G1 SUR DWAVE

B STEP 4RESULTATS _ o
<——Energies normalisées

B Sortie 2000Q
@ < Energies totale pour G1

danielvm@danielvm-VirtualBox:~/Desktop/tp_dwave$

Ising 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
QUBO 1 1 1 1 1 1 0 0 0 0 0 0
Solution 11110000 Energie-1x17x4=-68 !

B Solution optimale 4 x (17) =-68(11110000)

Al G Bi
A @ (1%] B}
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RESULTATS DE G1 SUR DWAVE

B STEP 4RESULTATS _ o
<——Energies normalisées

B Sortie 2000Q
«——Energies totale pour G1

«———Pas de duplication

B Sortie Advantage4.1

«—\Wahoul00% de réussité
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RESULTATS DE G1 SUR SOLVEUR CLASSIQUE

m STEP 4RESULTATS (suite)

B Recuitsimulé (~100% de réussites)

# State the problem that we want to solve is very easy
# We will start with a simple case

model = dimod.BinaryQuadraticModel.from_qubo(Q1l, offset = 0.8)
model.linear

print("The model that we are going to solve is")

print(model)

print()

# We can solve it exactly

from dimod.reference.samplers import ExactSolver
sampleset = dimod.ExactSolver().sample qubo(Q1)
#solution = sampler.sample(model)

print("The exact solution is")

print(sampleset)

print()
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RESULTATS (suite)

B STEP 4G_max

~100qubits pour 27varaiblesX

«———— Trouve la solution optimale mafs 23 fois
adzNJ mnnn X
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RESULTATS (suite)

B STEP 4G_max

+«—— ~430qubitspour 64varaiblesx

+«—— Solution optimale X
— 9 2 RQSOIFINI RIY
(ici on a eu de la chance)

danfehvert2 @cea fr



The solution with simulated annealing i
Response(rec.array([([1, 1, 1, 1, 1,
e, @, 8], -2064., 1},

1, 1, 1, 1, 1,

-2064 ., 1),

1, 1,
-2064f, 1),
-2064.], 1),
-2064 ., 1),

(
)
(
)
(
)
(
)
(I1,
-2064., 1),
([1,
-2064., 1),
([1,
-2064., 1),
(I1,
-2064., 1),
([1,
-2064., 1),
([1,
-2064., 1),
(I1,
-2064., 1),
([1,
-2064., 1),
([,
-2064., 1),
(I1,
-2064., 1),
([1,
-2064., 1),
([,
-2064., 1),
(I1,
-2064., 1),
([1,
-2064., 1),
([,
-2064., 1),
(I1,
-2064., 1),
([1,
-2064., 1),
4
-2064., 1),
([

]

danehveri2@cea dr



€
©
9
S
L
"
<
—
-
)
LL]
e

STEP 4G mar

G4

Its

pour 125vara

O
>
o
o
™
o
7

bles

lon optimale X

g— Solut

r.v|ll.
S
W
©
N
=
®
=
@
S
®
ke



PREMIERE CONCLUSION

B Solutions sans topologie ParameétresAnnealing - Standard cooling time of the for {k+1}9,95T k
opt. | best worst mean median stdev - Stopannealingat T<10-3.

Gifom gg gg fgg gg 'gg g - Number of iterations of the Metropolis algorithm
n- - - - -
2 | s | 68 68 8 68 0 A For each kto T est and n number of

Gy || n || 495 || -495 495 495 -495 0 variablesn QUBO
nl> || -495 -495  -495 -495 -495 0
n? || -495 || -495 -495  -495 -495 0 . . . .

G 1 2068 [ 2064 1810 20047 2064 799 Forn_lteratlons per temperature plate: Lower quality resulés standard
nlo || 2064 || -2064 -2064 -2064  -2064 0 solutions.
n? || 2064 || -2064 -2064 -2064 -2064 0

G n -6275 || -6275 -5528 -5785.3 5777 178.9 ) ) . .

! a5 | 6075 | -6275 6026 -62418 6275  86.1 Forn”2 iterationsper plateau: Results of much better quality, but with a

n? | -6275 || -6275 -6275 -6275  -6275 0 much |0nger Computing time.

B Better performance simulated annealing

B Worstsolutions over 30 cycles: Almost always better thawéve over 10,000ycles.

B Asymptoticregime of the exponential number of iterations of Sasakld&ek'stheorem not reached with annealing
(sol. Opt. reached faB4)

B Instancesmall enough to remain easy to anneal in the conventional way
Unduplicated resolved instances for comparison withWave
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ETUDE DU BIAIS DE TOPOLOG(EEUXIEME CONCLUSION)

B Solutions avec topologieGhim & Peq)

opt. | best worst mean median
Gs n | -6275 || 2213 3662 14539 1401.0
(Chim.) | n'? || -6275 || -4526 -2654 -3585.6 -3699.8
n? || -6275 || -5028 -4027 -4473.1 -4527.0 S INN
D-Wave 6275 || -5025 -3551 -4447.7 -4525 AR
Ga n | 6275 || -3930 -785 -2609.3 -2708.5 S N
(Peg.) || n'® | -6275 | -5028 -3580 -4305.5 -4281.0 £ [ TR
n? | -6275 || -5278 -4530 -5035.9 -5028.0 e SRS L
5 107 SINTSERE
B TopologieR QA Yy (1 S NXeatse gyubitsde 25/ a = i i
#var. #qubits (Chim.) #qubits (Peg.) | R ﬁf)t}
G| 8 16 8 RN e s 3 i G
Gy | 27 100 46 ] A T IRInl
Gs | 64 431 164 LS SRl
Gy | 125 958 513 | |
¥

B Reésultatssur D-Wavecompétitif avecceuxdu SA.
B Les instances dupliquéssnt beaucoup plus difficilea résoudre que les instances non dupliquées sur SA

B La topologie plus dense de Pegasus conduit a des QUBO dupliqués plus petits et donne de meilleurs résultats
(mais pas optimaux
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m DEUXIEME CONCLUSION

Needfor duplicationA Limits the size of the instances to be mapped.
Max G4 size: 125 variables f8/1098available qubits (~ 85) sur DW2X
125 variables for 1031/204&vaiblesqubits (~ 50%) sur D2000Q

B Observation ofesults:
B Best solutiorfound for G3 / G4 not anatching
B D-Wavedoesnot getthe optimal solution

() kA1) B4t E—A1) )
V. W/
o S S
v QAN AN
o oo oo
e—edhe——e4ha
) ey
4‘ :3 (A1

F#var. #qubits average dup. max. dup.

bl
ol

f

?
|

g
I
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G1| 8 16 2.0 6
(2| 27 100 3.7 6
(3| 64 431 6.7 18
(G| 125 951 7.6 18
O
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DEUXIEME CONCLUSION AVEC ADVANTAGE

B Advantage4.1Peq)
B 5627qubits

s Libia | rop. | op. | best_—| vorst_| e | wedn | SV
G1 8 8 -68 -68 -68 -68 -68 0

1000
G2 27 49 80 -495 -495 225  -389.2  -387 34.5 G3A 9ci: RQSOPtNIL | &€
G3 64 174 0 -2064 1937 (x3) -916  -1565.5 -1553  137.8 G4A ~18: RQSOONL | OS
N ~290
G4 125 471 0 6275 5278 2782  -4268.9  -4278 3704 G5A ~22%
~310

G5 216 1033 O 15588  -12134  -6527  -9629.3  -9549  912.3 G6A ~31%

G7A ~39%
G6 343 2372 O 33663 23383  -8301  -16299.9 -16528  2286.4
G7 512 4186 O 65600  -40019  -11361 -27278.3 -27734 46455

Résultatsi dzNJ ! R @ Hd¢niiqueh $20800Q ?
Onpassede 6connexionsa 15 !

Questionl :besoinde postprocessing ? ®iui A Constraint€s): rapide (gardet QI @ lgqyaatigu® S

etdonne unevsolutionvalide ! i
Question 2 PossibleR QI Y S festeaultaisiI
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QUESTION 1

B Résultat sur 1000@unsde G :
B Solution optimale trouvée (9673 times)
B Solution non couplage

B Posttraitement A vote majoritaire:
B Solution optimale trouvée (9686 time

B Solution avec mauvaise duplication ~Mauvaise duplication sur le W Solution non couplage
qubit « 6 »
A Solution non valide
104 ‘ : = ‘ —_ _ — 10*
‘ ; : ‘ | : qubits | variable || best || worst
1040 0 1 1
1041 4 0 0
3 : : 3 | : 1042 5 0 0 e : a | | :
O S I Rl Rt 5 R B (N IS SRS = 1044 5 0 0 Rl R N B A [ I A A
. | 5 5 | | | 1045 4 0 0 .
£ 1047 | 5 0 | o g
E 1048 1 1 1 E | | ‘ ‘ ‘ .
KR I I I T Y1 O 6 O I A 1 W Lwoso | 6 [ o] o ST N 1 I S T 31 I O R —_—
° ! : s ! ] s 1051 3 T T ?.3 ; : : ; : ;
2 1052 7 0 0 £
g 1053 2 1 1 E
~ | , | | | | [ 1054 6 0 0 | | | | | |
] S— e B S I T055 3 T T i) IO |11 A T 111 S 1 0 SO IR S
1 ; (1137 6 0 0 ) = : | 1 : =
| | | | 1143 6 0 1
: ‘ ‘ 1146 6 0 0 e e | | | ;
| : : | | i 1151 6 0 1 ! ; | i i :
100 i L i K i ~ </ 109 i i LU ; .I_ ; i i
—80 —70 —60 —50 —40 -30 —20 —10 0 —80 —70 —60 —50 —40 —30 —20 —-10 0
Cost Cost

D Vert, RSirdey S LouisearXivpreprint arXiv:1910.05129, 2019
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m INCONSISTENT DUPLICATIONS

B RésultA Inconsistentduplications

Need for postprocessing
Constraint(s): quick and have a valid solution!

B ResulSahlition@)jority vote

I 2YYAAAFNRAFG £ fOSYSNHBAS FG2YAldzS SG FdE SYSNEHASA | ddnehgn2@cedada 1erjuin2022



opt. || best worst mean median stdev|| best worst mean median stdev
QUESHONl Gi[-68 |68 9 668 68 46 | 68 -37 -668 68 42
Ga||-495 || -495 -20 -308.2 -388 481 -495 -277 -4004 -388 446
(GG3||-2064||-1810 -505 -1454.8 -1548 157.7|]-1810 -911 -1496.5 -1550 111.8
(G4 ||-6275||-5527 -2507 -4609.9 -4675 346.5||-5527 -3030 -4579.2 -4527 314.1

~ .0 times .0 times

o T T T T 1 T 1 T - ‘ 10 10
10 o A 10 10
@ i i w o 3 10
5 ; ; £ £ s
g : : £} 5 =
= i i E] E] i =2
= = : . S
2, : : 2 H : ! % i ] =
5 17 B SRECCRETE LR L |1 e S S 5 10 I O O ]
4 i i z : j 5 3
=] H H g : g =
Z : : 8 : g =
i i Z i i z Zo e HIS
10! e e e wfd-F- R T R SO SO TTIL] IO N B
10° B L . ‘ i hl ‘ ‘ ‘ m 1 | |‘ | “ ;| i 100 ‘ i 100 1 ! L |
— 800 Rl —60 —50 —40 30 —20 ~10 [i] oo 200 200 00 0 500 D — 6000 —5000 —4000 —3000 —2000 —1000 0
Cost — - Cost Cost
0 times 0 times
10t — - 10t T T T 107
8
PR 2 g v
: z z
5 b-] = 2
= 5 = S
= = 2
& & E 10 k]
] = 10 3 z
& g
g 2 4
2 2 = E
£ g = ]
] Z Z 10
Z 102 Z
10t 10
H H H 100 | H
n H i i i 10° i i i 100 L - —6000 —5000 —4000 —3000 —2000 —1000 [i
—80 -fo —60 —50 —40 —30 —20 —10 0 -0 —400 —300 —200 —100 0 —1500 —1000 —500 0 Cost
— Cost - Cost Cost

I 2YYAAAFNRAFG £ fOSYSNHBAS FG2YAldzS SG FdE SYSNEHASA | ddnehgn2@cedada 1erjuin2022_



QUESTION 2

B Améliorer les réesultats ? ) ] o A o ] o B
B Théoreme adiabatique{ A  USY2{ dzU A2y USYLIRZNB{{ALBMBRIE diuARY| 28I
obtenueavec une forte probabilite. r 3

Properties Parameters Q Search properties o
HHAHAHAR AR H A B AR AR R H B R R G R AR AR AR B R H B R H B H R R AR AR AR AR A B R AR B R R R AR AR AR R R R R ST —
HHE R partie 2 1 dwave_leap #H#HERHHHRHHHHR
BHAEHAHBE R R AR R A AR R R H R R R R R A R R R R R R R R R R A R R R R R R RS ANNEALING_TIME_RANGE

[1.2000]
import dwave_sapi2

from dwave_sapi2.remote import RemoteConnection

from dwave_sapiz.core import solve_ising, solve_qubo

CHIP_ID

DW_2000Q_6

url = "https://cloud.dwavesys.com/sapi/"' DEFAULT_ANNEALING_TIME

token = 'DEV-32b473f753f4641ca3e87d4318f325295665204d" 20

DEFAULT_PROGRAMMING_THERMALIZATION

# create a remote connection 1000

conn = RemoteConnection(url, token) DEFAULT_READOUT_THERMALIZATION

# get the solver 0
solver = conn.get_solver('DW_2000Q 6')

EXTENDED_J_RANGE
#solver = conn.get_solver('Advantage_system4.1')

[-2.1]

_ " "o, " "o, " ", Nk " " "o, C C "o, " = H_GAIN_SCHEDULE_RANGE
params = { "num_reads": 10806, "max_answers": 1000, "answer_mode": "histogram", "auto_scale": True, Qannealing_time": 20 num_spin_reve

[5.5]

# solve QUBO problem with parameters

answer = solve_qubo(solver, QUBO, **params)

print"\n"

print("Energie:", answer["energies"]) L -
print("Nb occurences:", answer["num_occurrences"])

i=0
count = @
while (answer["energies"][i]*(norma) <= -68)

count

= count + answer["num_occurrences"][1]
i=1+1

print([energie*(norma) for energie in answer["energies"]])

print("Taux de réussite : " + str(float(count)/sum(answer["num_occurrences"])))

print("Energie moyenne : + str(sum([answer["energies"][1] * answer["num_occurrences"][1] for i1 in range (len(answer["energies"]))]) / sum(answer["num_occurrences"])*(norma)))

I 2YYAAAFNRAFG £ fOSYSNHBAS FG2YAldzS SG FdE SYSNEHASA | ddnehgn2@cedada 1erjuin2022



QUESTION 2

B Améliorer les résultats ?

I

2064 -1808 -1105 -1482.15 -1486.7 868 <«—— Résultats «de base»

100 64 360 0 2064 -1937 -1680 -17143 -1785.9 77.7 | ] _ o
© 1000 64 360 0 2064 -1810 -1680 -1700.2 -1713.9 825 Resultats sensiblement similaife AT
i i i D R ~  permet «R QS O Nlesjpigebl3olutions
2000 64 360 0 -2064 -1810 -1426 -1565.3 -1573.6 89.9 vers les meilleures
—
20 125 1031 O 6275 -5029 -4776 -4808.5 -4996.4 197.3 <+ Reésultats «le base»
100 125 1031 O 6275 -5275 -4778 -4754.8 -4859.8 178.6 | B o _
G4 Améliore la qualité de la solution
1000 125 1031 O 6275 -5276 -4280 -4554.8 -4598.9 221.4 - :
optimale
2000 125 1031 O 6275 -5277 -4280 -4562.7 -4603.3 219.1
—

B SurD2000A b2y X
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QUESTION 2

B Etsur Advantadge4.1 ?

N = 3, RCS5:0.49¢ (best, worst, mean, median, stdewv)
AT:40.89, NSRT:20, Energy: [(-1937., -1170., -1628.17, -16l1l6.5, 164.46063693)]
AT:404.44, NSRT:0, Energy: [(-1936., -1043., -1659.94, -1680., 153.89514742)]
AT.242 77 _NSRT.10 _ Foorco. [ (1034 _1170 _1g/38 a2 1700 157 £32952743]
AT:1232.52, NSRT:0, Energy: [(-2064., -1170., -1690.67, -1681., 165.02612248)] . .
AT:1616.26, NSRT:0, Energy: [(-20e4., -1171., -1735.756, -1683., 140.86804628, b'9/1000")] SO|UtI0n Optlmale I
N =4, RCS:0.667 (best, worst, mean, median, stdev) —
AT:182.27, NSRT:5, Energy: [(-5275., -3775., -4541.33, -4527., 341.89059815)]
AT:626.61, NSRT:0, Energy: [(-5527., -3526., -4766.153, -4776., 308.55241628, b'1l/1000")] .
AT:868.97, NSRT:20, Energy: [(-5028., -3280., —-4516.4, —-4527., 381.59651466) ] — Mieux que DWZOOOQ '
AT:1434.48, NSRT:0, Energy: [(-5028., -3773., -4618.57, -4528.5, 288.32891825)] 0
AT:1697.05, NSRT:18, Energy: [(-5027., -3777., -4551.25, -4527., 283.53131661)] (1192/0 beSt Vept)
’
N =5, RCS:0.569 (best, worst, mean, median, stdev)
AT:384.24, NSRT:25, Energy: [(-12134., -8245., -10835.38, -10834., 772.65500425)] ™
AT:626.61, NSRT:50, Energy: [(-12564., -8246., -10696.91, -10835., 863.21299915)]
AT:990.15, NSRT:0, Energy: [(-12562., -7385., -10666.95, -10834.5, 885.29777335)]
AT:1575.86, NSRT:5, Energy: [(-12562., -8678., -10792.02, -10834., 746.78836333)]
AT:1919.21, NSRT:0, Energy: [(-1299%4., -8676., -11122.638, -11266., 733.420268%98, b'1l/1000")]
N = 6, RCS:0.888 (best, worst, mean, median, stdev)
AT:364.05, NSRT:0, Energy: [(-26805., -16521., -22291.68, -22683., 1796.02446464)] GSA ~l6 64%
AT:687.2, NSRT:18, Energy: [(-25433., -17205., -21824.25, -22002., 1571.67414164)]
AT:929.56, NSRT:20, Energy: [(-25430., -15835., -21947.48, -22002., 1851.31472462)] >— GGA ~1835%
AT:1414.29, NSRT:5, Energy: [(-25429., -17885., -22468.23, -22685.5, 1548.27271406)] 0
AT:1656.65, NSRT:5, Energy: [(-27487., -18574., -23302.174, -23374., 1463.85336073, b'1l/1000")] G7A ~2185/0
N =7, RCS:1.157 (best, worst, mean, median, stdev)
AT:61.09, NSRT:15, Energy: [(-43075., -29769., -36523.03, -36930.5, 3067.31622255)]
AT:444.83, NSRT:10, Energy: [(-44098., -20554., -36778.89, -36931., 3393.44609474)]
AT:1091.14, NSRT:0, Energy: [(—-46€6148., -28746., -39074.07, -38982.5, 3295.13821032)]
AT:1535.47, NSRT:5, Energy: [(-47167., -32837., —-40003.79, -40004.5, 2973.82983472)]
AT:1899.02, NSRT:5, Energy: [(-51266., -31819., -41678.632, -42048., 2807.29091556, b'1/1000")] e
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m CONCLUSION

B Difficult problem for simulated and quantum annealing
Firstbenchmark on &-Wave
With topologyA Similar results between-Wave and SA.

Theconstraints imposed by the graph show that SA and QA cannot solve the problem!
B Low gqualityresults

B Theneed to duplicate qubits strongly limits the size of accesgildlems.

B Necessityof posttreatments

DuplicationerrorsL
not representing a valigolution

B Sparse topology
B Need more connections between qubAs mappingdenser and larger problerhs
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