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algorithms in the NISQ era
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Soon available for CESGA users!!
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CESGA VISION: PARALLEL QUANTUM COMPUTING
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Parallel execution of a quantum algorithm depends on available hardware
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We are here
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CIRCUIT CUTTING /) CESCA

Two QPUs can execute the same algorithm if the entanglement between them is simulated

Available techniques:

Finding optimal circuit division: minimize N

* Wire cutting (CutQC library)

— _  Equivalent to solving a graph problem:
* Gate cutting — U, U, = Minimum-k cut
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Cutting a single gate

Gate cutting relies on quasi-probability simulation of single gates
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* such that C; represent local circuits
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CNOT gate simulation /) CESCA
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Cost of quasiporbalistic simulation associated with the negative terms in the decomposition

lo norm of the decomposition
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Example: Bell test simulation /) CESCA

o g

The Bell test serves as a toy model to test 'ql' e _a___
gate cutting.

G R: G R
0 gr — H z 1 gr — H z
Steps: -2 —.— “m2

1. Execute separately the subcircuits.

2. Combine the weighted result of the subcircuits. gr —H —Rz _H — ar

3. Reproduce the Bell test experiment Gy or - Re Gs or I
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Example: Bell test simulation /) CESCA

CGALICIA SUPERCOMPUTING CENTER

Results
Ns =60 o >
I X , v ” N 10—1 L \ﬂ“\
g O L N . . v, . "‘-..\\“\
=21 N . N % - TS
. I \"*«.\ \\\
— 9107 )
). Ns=3000 "~ §
% a ‘"'\.\ e
g° T e SN
-2 . Cut
0 1 2 3 4 5 6 102 108
S Nshots (total)
Cost of gate cutting

*  Quasi-probability simulation increases the variance of the variance with respect to the original circuit.
* we need more shots/preparations to recover a result with the same precision: Sampling overhead.

*  The sampling overhead is exponential with N_,,. Only viable for sparse, low depth circuits (such as VQAs).
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Variational guantum algorithms (VQAS) // CESCA
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* VQAs are NISQ friendly (low depth, low width)

* They are hybrid algorithms.

Parametrized quantum circuit
+

Classical optimizer

* Two main categories
e Variational quantum eigensolver (VQE).
Objective: find the ground state of a physical system (atom, molecule).
* Quantum approximate optimization algorithm (QAOA)
Objective: Solve combinatorial optimization problems.
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Execution of a VQE algorithm with circuit cutting // CESCA

CGALICIA SUPERCOMPUTING CENTER

Objective: Find the ground state energy of 1D-Ising model without external magnetic field
using the Variational Quantum Eigensolver (VQE) algorithm on two QPUs.

* 10-qubit 1D-Ising model using either a 16-qubit QPU (Full), or a single 7-qubit one (Cut).

Result

Circuit used
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QAOA /) CESCA

Combinatorial optimization problems — Mapped to an Ising-like problem Quantum annealers (D.WAVE)

. * Gate based computer approach:

(e.g. max-cut, traveling salesman, . . o -

) ] Discretisation of the evolution via troterization of the
jobshop scheduling)

hamiltonian QAOA

QAOA diagram
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Execution of QAOA with circuit cutting

We execute a QAOA algorithm for solving the max cut
problem using two QPUs.

a0 JH-
o -

Circuit used

2Z (2+ylo)

ZZ (2*y14])

2+B111

o 8

ZZ (2%[5D)

1l

2Z (2+y[1]) ZZ (2*y(6]) ZZ (2%[7)

2°8(31

o i

ZZ (2%y(2]) ZZ (2+y18]) | ZZ (2%y(9])

o 0

ZZ (2%y[3])

a5 i

ZZ (2*y[10])

o 48

2Z (2%(11])| ZZ (2%v112))

2°8I71

o il

ZZ (2*+115))

2*pl81

o i

2Z (2+y(13)

2Z (2*yl16)

27gl91
2ZZ (2*y118])

Q1o -.

ZZ (2*y114])

ZZ (2+y117D

q11 -

31/10/2023

(c) CESGA 2023

Rx _

221
Rx _
Rx
201

Ry _
28051

261
Ry _
Rx _

Ry .

Ry
i1l

Loss function

V.

Connectivity graph

Results
Full maQAOA, p=1
Cut maQAOA, p=1
= = JREs =
0 5000 10000 0 5000 100000 2 4 6
Epoch Epoch Frequency of Final Loss function

CESCA

CGALICIA SUPERCOMPUTING CENTER

13



Future work

31/10/2023

* Novel circuit cutting schemes, not based on cutting
wires or gates.

* Consider the case of more tan two QPUs.
* Explore the scenatios with classical comunication and

guantum communication between QPUs
(districuted quantum computing)

(c) CESGA 2023
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