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Graph Theory in Quantum Computing -

Fields of interest SO = B23ZZ a4
@ Error correction codes
@ Qubit connectivity
© One-Way Quantum Computing

S = 7,7, 74 74
SW = X X X5 X,

S = zy7, 757
A Information flow {’53) = }\’:;X4X (,XT
trrrtixsnttt
. LN ) T o000 O0OGOOS Measurements
_-%i TI.T.IT TTTT @ inZ direction ° o
| ottt tteteeee 1o 0-0-0-0-0-0-0-0-2-0
| eco0ccee TI ee'e’s /7 XY plane é 6 é
720G é_g-?_@-éh@-?_@-é_@
i o o

Computational depth, &

A. Bermudez et al. " Assessing the progress of trapped-ion processors towards fault-tolerant
quantum computation.” Physical Review X 7.4 (2017): 041061.
3/15
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Measurement Based Quantum Computing (MBQC) <%

Output MBQC States

States @ Source states

e inputs
‘ e ancillae
‘ . @ Output states
. MBQC Operators

@ Entanglement

Source @ Measurements

States @ Corrections

Quantum Computing MBQC paradigm 4 /15



Graph States

Representation
@ Vertices:
vV ={1,2,...n}
o Edges:
E={(1,2),(2,3),....,(n—1,n)}
@ Neighborhood of a:
N,={be Vl(a,b) € E}

> »
> »

Encoding I Caveat !
@ Vertices: qubits @ Increasing number of
e Edges: entanglements logical qubits

Quantum Computing MBQC paradigm 5/15




Measurement-Based Quantum Computing <%

MBQC Pipeline
‘ @ Input state: |[¢) = al0) + b|1)
‘ @ Projection: |0) = |0) + e |1)
¢ © Entanglement: CZ3; V)1 [4)y = |W)
' (W) = al0); [+), + b[1)1[—)2
‘ @ Measurement: |0), (0|V) = |0); [¢')

@ Output:|[¢)') = a|+) + b|—)

Quantum Computing MBQC paradigm 6 /15



The Max k-Cut Problem %

Features
@ Combinatorial optimization

@ Encoding: Ising Hamiltonian

|
W(S,S):§ > w

i€S,jes
max — Z wii(1 — ziz))
1<i<j<n
N W, N
He = Z 711(/ - ZiZj)
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QAOA algorithm

Features Quantum features

@ Combinatorial optimization @ Mixing Hamiltonian:
Hw [4)®" = [+)°"

@ Variational algorithm:
@ Cost Hamiltonian:

parameters {3;,vi}_,

@ Hybrid algorithm Ac ) = E )
@ Backpropagation: o Goal state: H¢ ‘1/~J> = Epnax 1ZJ>
classical

@ Approx. ratio: r = E/Emax

@ State evolution: quantum

Variational parameters
(¥:8) = (s, By -+, Bp) L7 |
. Zhou et al., Quantum Approximate
{} {} Measure Optimization Algorithm: Performance,

|+> T o Xﬂl —-= o Mechanism, and Implementation on
| QEE Near-Term Devices, PHYSICAL
)1 & HXa HAH=E 3 REVIEW X, 2020
= —~N
- - N
+) L mi
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Derivation from Adiabatic Theorem

Adiabatic Theorem QAOA algorithm

e Adiabatic evolution, t € [0, T] o QAOA approximation on H(t)
@ Time evolution e Backpropagation on angles
0(t) = e Jo 4R Bi — Bi = Vs E

[ Variational par S
(9,8) = (01, 79s Bry - -, B)

L. Zhou et al., Quantum Approximate

—

{} Measure Optimization Algorithm: Performance,
—-= o Mechanism, and Implementation on
QEE Near-Term Devices, PHYSICAL
‘-= =g 3 REVIEW X, 2020
N
. —~8
: o=
= G
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QAOA in the MBQC Frame <%

Cluster state

P Algorithm MBQC-QAOQA
Graph 2 Jé\ﬁ @/}g 1. Set graph G|V, E]
. 2: Set K, p
® raccmu 3: foriin p do:
R 4: Install graph state
| e 5: for [+); € (7) do:
6: (vil+);
EENGEGR  Clusical| 7: end for
| = 8  for|+); € @ do:
9 (Biluj)

._.
e

(+1+);

5 ®r&-o3 T : end for
12: end for

M. Proietti, F. Cerocchi, M. Dispenza, Native measurement-based quantum approximate optimization algorithm applied to the
Max K-Cut problem, PHYSICAL REVIEW A, 2022

[ary
—
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Environment Settings <

Cyclic Graphs Computational frame

@ Software: python libraries
paddle (Baidu)
paddle-quantum

@ Hardware: HPC system

davinci-1 (Leonardo Company)
AMD Epyc CPUs (512GB)
A100 GPUs (40GB)

Fully Connected Graphs /

Quantum Computing Implementation 11 /15



Results: Approximation Ratio r = E/E,ax

o0 K=2, regular graph Loo K=4, regular graph
I . - '
1 —4— V=2
0.9 4+— V=3 095 ¢+ oo
¢ —4— V=4
0.8 —— V=5 0.901 4 v=4
- —— V=6 L085 —4— V=5
0.7 —— v=7 ’ —— V=6
+— V=8 0.80 —— V=7
0.6 —+— V=8
0.75 P
2345678910P 2 3 4 5 6 7 8 910
K=2, fully graph K=4, fully graph
1.0 ey o0 ’ y grap
0.95 - 1
0.9 —— V=2 S +— —1
oso| I
081 4 v=4 0851 4\,
l-07 —— V=5 = 0.80 vs
]~ v=6 0751 4 v=6
0.6 —— V=7 0.70 —— V=7
4 v=8 0.65{ —4— V=8
i P ! P
53732 5 6 7 8 9 10 0805335 6 7 8 5 10
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Results: Global Runtime for Simulations

K=2, Regular Graph

EN W ow
Runtime (h)

o & s
7
P s
5 . S
”Le67a el
Vers © 9, 4

K=4, Regular Graph

5

Runtime (h)

3

[
Pl 1y T
Verg © 9 10 s

Quantum Computing

K=2, Fully Connected

N W o
Runtime (h)

2 o &
3 > ~ RS
4 5 S 5 &
Pl 7 g - o
Vers 90y 4
K=4, Fully Connected
6 =~
£
s £
‘42
- 38
£
23
-
12
23, S 100\&"
ple s KL S
Wers © oy 8

Implementation
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Supplementary Material <%

Max k-Cut Hamiltonian

A W A aon e g=1
Ao =Yy 5 Sim (Gl - GUZZNL) L6,
q = logy(k) Ac = 3(wiz + wiz + wos+

—W122122 - W132123+
—wp3Zr23)

Classical
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