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® The Quanty*

\_

® \What makes a Quantum Annealer perform well?

® How to improve their performance?
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1- Adiabatic theorem

Quantum Adiabatic Theorem ~

“A quantum system described by a time-dependent Hamiltonian H(t)
initially prepared in an eigenstate |v,(0)) of H(0) (e.g., the ground state),
will approximately remain in the instantaneous eigenstate |%,(%)), given
Qhat t varies sufficiently slowly” Y
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1- Adiabatic theorem

Quantum Adiabatic Theorem ~

“A quantum system described by a time-dependent Hamiltonian H(t)
initially prepared in an eigenstate |v,(0)) of H(0) (e.g., the ground state),
will approximately remain in the instantaneous eigenstate |%,(%)), given
Qhat t varies sufficiently slowly” Y

® Linear interpolation of Hamiltonians: = Assumption
* lIdeal closed quantum system
H(t) = —A(t)Hinz't + B(t)Hfinal
t € [OaT] ®m Theoretical advantage:
A(0) > B(0) * Universal (as quantum circuit)
* Performance depends on the
A(T) < B(T) « sufficiently slowly »
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® |nitial Hamiltonian and ground state:

0 1
H’init — Z O-;LB o = (1 O)
1NEVQ
® \What eigenstate minimizes the expression —A(s) Hinit ?

8/35



1- Quantum Annealers

® Problem Hamiltonian

Hfinal = Z hvai + Z J(u,v)o-qio-z

veVy (u,v)EE:
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m “Sufficiently slow ?” Analysis of the spectral gap [AL18]:
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2- Performance evaluation of Quantum Annealers

Application benchmark instances

‘mmeaﬁ-world instances :

Random instances :

+ Generate large sets of instances Crafted instances : + Ideal targets

- Relevance of the set can be + Easy to find instances hard for classical - Hard to design due to

debated solvers quantum hardware limited size

- Phase transition issue for some  * Create instances with planted solutions - Hard to find by nature (selection
instances - Some classical methods may take bias)

advantage of the structure of the instance
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2- Generation of instances

® Minor-embedding (Graph Minor Theory [RS95])
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2- Generation of instances

B Minor-embedding (Graph Minor Theory [RS95]) Rule 1:

All the edges in G, must be
N/ ¢: Vs = P(V;)
—

N
represented in G, %
Rule 2:
A logical qubit is
represented by a connected
subgraph of physical qubits
GS — (‘[S)Es) Gt = (‘/taEt)
NP-Hard problem for arbitrary Rule 3:
raphs NN
Jrap No overlap
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2- Generation of instances

® Embedding of complete graphs (TRIAD Pattern)

S
I

>
1 : Ve = P(Vr)

I
O =

o QY
s o
B ole e
% %
LR 20
RS

Q /osQ\

¢2: Vs = P(W)

Largest clique size: 174 (Advantage6.4)
=> Use approximately 3000 qubits
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2- Performance assessment

® Time To Solution metric (Gold standard) [RWJ*14]
Number of runs:

n- [0 =]

p . probability of getting the
ground state in R runs

s . Empirical success probability
1TSS =t, Xx R

t, . Time to perform a single
guantum run
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2- Resu

ts - Max-cut problem

Density
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Density 0.02 1 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.2 03 04 05|06 0.7 08 0.9
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Time windows: 1s: D-Wave Performance intersection with Tabu Search
60s: Gurobi (reference solution) 1s: Tabu Search ~ =---- Reference solution
A1.02
n I D-Wave
g I Tabu search
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_E’i/o.gs— % ? T ﬁ % * °
Q ° o 8 o
e o o
>
O 0.96 5
N
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E 0.92 ~
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(5000 runs)
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performance of
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3- The embedding problem II

® Embedding step produces chains of qubits
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3- The embedding problem II

® Embedding step produces chains of qubits B How to set the chain between these qubits ?
" Average problem setting [VMK*14]
" Upper bonds [Cho08]

= Basic Scan [HIM*18] [WWC*22]

= Advanced algorithms [Dji23]

® Global chain strength: Fy <0

50 1

0_

= +1

—50 1

=1

—100 A o

Let’s set:

—150 A

J12 = — J23 = -0

SS——
Limited programming . ; ; ; ; ; .
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Energy (Ising Cost function)




3- Chain scan & Chain breaks
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3- Chain scan & Chain breaks
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3- Results

® 30 instances of unweighted
max-cut for each density

® Shot / pre-processing step:
128

® Final run number of shots:
Advantage?2: 3072
Advantage6.4: 4096

@ Valentin GILBERT | PHD thesis defense

Advantage2_prototype2.2 |Best cut size Cut size improvement Step
Instance size|Density|Embedding min  max mean std

0.1 CMR 66.4 +0% +0% +0% 0% |54

n =40 0.5 CMR 243 +0%  +2% +02% 0% | 5.8

0.9 CMR 362.8 +2.1% +8.2% +5% 1.6%| 4.6

0.1 CMR 235.5 +0% +0%  +0% 0% | 4.7

n = 80 0.5 CME 804 +9.8% +17.2% +12.5% 0.2%| 4.2

0.9 CME 1435 +2% +4.7% +3.2% 0.6%| 4.2

Advantage6.4 Best Cut size Cut size improvement Step
Instance size|Density|Embedding min  max mean std

0.1 CMR 355.9 +0% +0.3% +0% 0% | 4.5

n = 100 0.5 CME 1271.4  |+5.6% +14.5% +8.8% 1.8%| 2.7

0.9 CME 2243 +1.4% +3.7% +2.5% 0.5%| 3.7

0.1 CMR 950.8 -2.1% +0.6% —0.5% 0.5%| 2.1

n = 170 0.5 CME 3631.4  [+2.8% +6.2% +4.5% 0.7%] 2.1

0.9 CME 6519.4  |4+0.4% +1.4% +0.8% 0.2%] 3.2
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Conclusion

® Methodology to benchmark Quantum Annealers
B Generation of Instances of gradual difficulty
B D-Wave Quantum Annealers are mostly adapted for very sparse and unconstrained problems
B Fairness evaluation of benchmarking methods:

B Fairness of instances set (diversity) [GLS23]
B Fairness of the benchmarking protocol (quantumbenchmarkzoo.org)

%uantum

Benchmark
Zoo

® |Improvements of Quantum Annealers’ parameter setting

B The parameters list is long and complex (interdependence between parameters)
B The optimization of these parameters should be included in the TTS metric
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® Benchmarking
B Possible extension of our approach to benchmark the QAOA (Optimal planted swapping network)
B En route to the Algorithm Selection Problem [MCD20] and Instance Space Analysis [SM23]?

B Protocols to evaluate the fairness of benchmarking experiments

B Quantum Annealer parameters
B |nterdependence of parameters (annealing schedules, annealing time, chain strength etc..)

=> Use of holistic method to tune these parameters all together?

B Recent access to very short annealing times and quenched schedules (simulation of closed system
dynamics)

=> better understanding of the dynamics of quantum systems?

“NISQ will not change the world by itself, at least not right away; instead we should regard
it as a step toward more powerful quantum technologies we hope to develop in the future.”
J. Preskill [Pre21]
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Thank you !
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A big thank to ACTIF (Association CEA des theésard.e.s
dille-de-France)

New president: Lise.jolicoeur@cea.fr
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Selection of best Annealing time

® Quality metrics are problem-dependent
B Max-cut problem: The cut size

s2

cut-size =3
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Selection of best Annealing time

® Quality metrics are problem-dependent
B Max-cut problem: The cut size

s2

® Time measurement
® 60s time window for branch & bound algorithm
® 1s time window for Tabu Search (C implementation)

B 1s time window for D-Wave Q
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Selection of best Annealing time

® Quality metrics are problem-dependent
B Max-cut problem: The cut size

o 2 s1 s2
1 1 ! ! .
e > 5 cut-size = 3
-1 1
s4 s3 s4 s3

B Maximum Independent set problem: The size of the independent set.

s1 s2 s s2
1 1 1 1
1 s5 - > 1 s5 |S Size — 4 programming readout B annealing mm delay
1.0
o o s W
s4 s3 s4 s3 0

0.8 1

B Time measurement

® 60s time window for branch & bound algorithm

time (s)

] . . _ : 0.87
® 1s time window for Tabu Search (C implementation) ,.
B 1s time window for D-Wave Q 063
. 0.57
0.14
0.0 0.02 0.02 002 0.02
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Optimal mapping

B How to assess the quality of a mapping:

B D-Wave QA has a regular topology
For Pegasus topology: Cphys = 15
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Optimal mapping
B How to assess the quality of a mapping:

B D-Wave QA has a regular topology
For Pegasus topology: Cphys = 15

B Definition of a lower bound on the number of physical qubits used in a mapping:

(1if deg(v) < Cphys
Np(v)x = $ 2 it Cphys < deg(v) < (chhys o 2) 0
deg(v)—(2¢cphys—2) .

+ 2 otherwise
\

/
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Optimal mapping
B How to assess the quality of a mapping:

B D-Wave QA has a regular topology
For Pegasus topology: Cphys = 15

B Definition of a lower bound on the number of physical qubits used in a mapping:

(1if deg(v) < Cphys
Nep(v)* = $ 2 it Cphys < d@g(?]) < (chhys o 2) 0
deg(v)—(2¢cphys—2) .

+ 2 otherwise
\

/

B Compute the overhead ratio considering this bound:

Mg
> _vev, Mo (v)*

To =
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Optimal mapping

® Comparison of the performance of our generation method against state of the art embedding method

_ B P100_cMR (|
2.8+ bron ~ 1.121 0
S°  Onopt 2 _
_ g1.10
at d =3I 2.4 - <
: 9 1.08
Vsl = 100 o 2
V| <20- 3 1.06 H
|Vi| = 982 ' 2
_ 2 1.04
1.6- <
| 2 1.02 o
1.2- S 1.00
a) 0.1 0.3 0.5 0.7 0.9 b) 0.2 04 06 0.8
Density Density

Assumption: Instances with less duplicated qubits are more easily solved by QA => Seems to be true
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I1I- Shape of the logical qubit

Clique encoding

Source graph Chain encoding Cycle encoding
0.60 1
T/ 10 —— Clique encoding
0.55 /=7~ A-—= "> gl mmmm o m oo * — Cyclg encodipg
I —— Chain encoding
i —— Native encoding .
0.50 1 ! N e Native encoding rescaled 1/2
: i) —-— Native encoding rescaled 1/4
E 1 LLC,|>
5 0.45 1 : |
: 0
I —
0.40 ! =
: 100'_
0.35 4 — Clique encoding
—— Cycle encoding
—— Chain encoding )
0.30 ' — ' , , , ,

| - 04 0.6 0.8 |Fol 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0
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