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Future vs. today
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= QPUs will solve problems faster
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Future vs. today

o)

o
aEiaEs zas assis
aiznsisssinnsins

= QPUs will solve problems faster

= currently: prone to errors & small qubit counts
» determine executable circuit sizes, i.e., width & depth

» design quantum circuits as resource efficient as possible
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Influencing circuit size

= true size of circuit depends on

= qubit topology @
O
@)

=" implemented gate set
D

" mapping & optimization by quantum compiler Compiler

(8]

= variety of quantum compilers exists
= gjven a circuit: which compiler delivers “best” compilation result?

= comparison is required ...

t| ket)

Qiskit
Transpiler ©Marie Salm 4




Usage of quantum compilers

= most compilers accessible via SDKs differing in
= gate sets
= programming languages

= vendors of QPUs

[ S.CXRZIE lek|t e H vz cZ}
[ Qiskit, Qiskit <4== - PyQuil,
CRenCo N Transpiler 2t
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Analysis of quantum compilers and their SDKs [1]

Custom
o SDKlS Import Export Backend Cu;tgm Compilation
(Compilers) Languages Languages Vendors QPUs Gate Set
OpenQASM, OpenQASM,
= not every SDK % Cirq Cirg-JSON, Quil, AQ(,;FOOP%IG’ | ves yes
2 Quirk-JSON  Cirq-JSON ) £asqa
supports OpenQASM -
5 Torest b uil¥, Quil il Rigetti
o (Quile) yQuil*, Qui Qui igetti yes no
A
iskit (@) ASM
(Trg;Zpliler) pgilscﬁit* - OpenQASM IBM yes yes
. pe AQT,
= many vendor-specific SDKs OpenQASM, QQE-QQQ;*SZ“}A(’* Amazon
’ tket  Qiskit*, Pyzxx, s<it’, ByZA7,  Draket,
Onl SuU Ort own QPUS N Py . ) PyQuil*, Cirq*, Honeywell, yes yes
y SUpp 2 (tlket)) Py Q(;ﬂ.*’ Cra®, "y lacs*. Q#, Rigetti, IBM,
= Hbper ProjectQ* Microsoft
_§ QDK
2. OpenQASM,
*qg) staq OpenQASM  ProjectQ*, Quil, no no no
= many SDKs support custom QPUs ~ Q##, Cirg*
IBM, AQT,
bUt nOt CUStom targEt gate SEtS ProjectQ ProjectQ* ProjectQ* Amazon no yes
Braket, IonQ
= formats for defining custom QPUs differ *Python libraries
» SDK has to support the target QPU natively
[1] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder, Karoline Wild. 2021. Automating the Comparison of Quantum Compilers for Quantum Circuits. In: Proceedings of the 15th ©Marie Salm 6

Symposium and Summer School on Service-Oriented Computing (SummerSOC 2021), Springer International Publishing, 2021




In addition ...

= QPUs are regularly re-calibrated

A4
= changes in error rates ‘ @
EERICl

= cloud providers regulate computing access

= resulting in waiting times

= implementation & execution of circuit
» QPU
» compiler
» SDK

» access regulations
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In addition ...

= QPUs are regularly re-calibrated

= changes in error rates

: ~"~computing access

= implementation & cae
» QPU
» compiler
» SDK

» access regulations
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Approach



Approach — NISQ Analyzer

Translated
Circuits

Compiled
Circuits

Circuit

I’A\\ . I’C\\
[1] o/
Translation

Circuit & QPU
Analysis[3

|

U
s’

Executability estimation:
/ K

“

D
*
'0
o
\ 4

Ty

max tg
QPU ~—

maximum depth
QProv [2]

> Depth,. [4]

[1] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder, Karoline Wild. 2021. Automating the Comparison of Quantum Compilers for Quantum Circuits. In: Proceedings of the 15th
Symposium and Summer School on Service-Oriented Computing (SummerSOC 2021), Springer International Publishing, 2021
[2] Benjamin Weder, Johanna Barzen, Frank Leymann, Marie Salm, Karoline Wild. 2021. QProv: A provenance system for quantum computing. In: IET Quantum Communications, Wiley, 2021

[3] Marie Salm, Johanna Barzen, Uwe Breitenbticher, Frank Leymann, Benjamin Weder, et al. 2020. The NISQ Analyzer: Automating the Selection of Quantum Computers for Quantum Algorithms.
In: Proceedings of the 14th Symposium and Summer School on Service-Oriented Computing (SummerSOC 2020), Springer International Publishing, 2020

[4] Eyob A. Sete, William J. Zeng, and Chad T. Rigetti. 2016. A functional architecture for scalable quantum computing. In 2016 IEEE International Conference on Rebooting Computing(ICRC).1-6.

[5] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder: Prioritization of Compiled Quantum Circuits for Different Quantum Computers. In: The 1st International Workshop on Quantum © \/arie Salm 10
Software Analysis, Evolution and Reengineering (Q-SANER 2022) co-located with IEEE International Conference on Software Analysis, Evolution and Reengineering (SANER), 2022.



Approach — NISQ Analyzer

Translated Compiled Circuit & QPU
Circuit Circuits Circuits Metrics

p 5
\Width 3
T1 0.02
2 0.04

u
N I~ : Backend Name Provider SDK Width Depth Multi-Qubit Gate Depth Total Number of Operations

[ £ A 1 ) { C 3\ .

u
[ 1 ] L] ibmqg_gasm_simulator ibmg pytket 3 14 6 21

. . -

: Circuit & QPU| |
Tra n S atl O n ibmq_gasm_simulator ibmg qiskit 3 14 6 21
A n a Iys I S [3 ] ibmqg_bogota ibmg pytket 3 27 9 45
; ibmq_bogota ibmg qiskit 3 30 13 51
l’ ibma_lima ibma pytket 3 27 9 45

U
V4 ibmg_lima ibmg qiskit 3 40 1 62
,’
1 ibmq_belem ibmg pytket 3 29 9 45
\ 1
* * ibmq_belem ibma qiskit 3 4 11 63
e ——

ibmg_quito ibmg pytket 3 27 9 45

QPU

QProv [2]

[1] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder, Karoline Wild. 2021. Automating the Comparison of Quantum Compilers for Quantum Circuits. In: Proceedings of the 15th

Symposium and Summer School on Service-Oriented Computing (SummerSOC 2021), Springer International Publishing, 2021

[2] Benjamin Weder, Johanna Barzen, Frank Leymann, Marie Salm, Karoline Wild. 2021. QProv: A provenance system for quantum computing. In: IET Quantum Communications, Wiley, 2021

[3] Marie Salm, Johanna Barzen, Uwe Breitenbticher, Frank Leymann, Benjamin Weder, et al. 2020. The NISQ Analyzer: Automating the Selection of Quantum Computers for Quantum Algorithms.

In: Proceedings of the 14th Symposium and Summer School on Service-Oriented Computing (SummerSOC 2020), Springer International Publishing, 2020

[4] Eyob A. Sete, William J. Zeng, and Chad T. Rigetti. 2016. A functional architecture for scalable quantum computing. In 2016 IEEE International Conference on Rebooting Computing(ICRC).1-6.

[5] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder: Prioritization of Compiled Quantum Circuits for Different Quantum Computers. In: The 1st International Workshop on Quantum © \/arie Salm 11
Software Analysis, Evolution and Reengineering (Q-SANER 2022) co-located with IEEE International Conference on Software Analysis, Evolution and Reengineering (SANER), 2022.




Approach — NISQ Analyzer

Translated Compiled Circuit & QPU Ranking of
Circuit Circuits Circuits Metrics Compiled Circuits

Vo P an N
IA\ ID\

I’E\\ .
=/ [3]
Prioritization Execution

]

[5]]

[1]]

Translation

o
G
—

Circuit & QPU
Analysis|3]

QPU

QProv [2]

[1] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder, Karoline Wild. 2021. Automating the Comparison of Quantum Compilers for Quantum Circuits. In: Proceedings of the 15th

Symposium and Summer School on Service-Oriented Computing (SummerSOC 2021), Springer International Publishing, 2021

[2] Benjamin Weder, Johanna Barzen, Frank Leymann, Marie Salm, Karoline Wild. 2021. QProv: A provenance system for quantum computing. In: IET Quantum Communications, Wiley, 2021

[3] Marie Salm, Johanna Barzen, Uwe Breitenbticher, Frank Leymann, Benjamin Weder, et al. 2020. The NISQ Analyzer: Automating the Selection of Quantum Computers for Quantum Algorithms.

In: Proceedings of the 14th Symposium and Summer School on Service-Oriented Computing (SummerSOC 2020), Springer International Publishing, 2020

[4] Eyob A. Sete, William J. Zeng, and Chad T. Rigetti. 2016. A functional architecture for scalable quantum computing. In 2016 IEEE International Conference on Rebooting Computing(ICRC).1-6.

[5] Marie Salm, Johanna Barzen, Frank Leymann, Benjamin Weder: Prioritization of Compiled Quantum Circuits for Different Quantum Computers. In: The 1st International Workshop on Quantum © \/arie Salm 12
Software Analysis, Evolution and Reengineering (Q-SANER 2022) co-located with IEEE International Conference on Software Analysis, Evolution and Reengineering (SANER), 2022.
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List of algorithms

QC Atlas

Search

Acronym

Problem

O Anomaly Detection with QGANs

O Dirr-Hayer Quantum Minimization Algorit...
O Grover &

O HHL Algorithm

O Inverse quantum Fourier transform

O Quantum Annealing

O Quantum Annealing of the Knapsack Pro...
O Quantum approximate optimization algor...

https://github.com/UST-QuAntiL/quantil-docker
https://quantil.readthedocs.io/en/latest/

Grover Algorithm

QAOQA

HYBRID

HYBRID

QUANTUM

QUANTUM

QUANTUM

QUANTUM

QUANTUM

HYBRID

The goal for this problem is an automate...

Given a function $f(x): \{0, 1 \}An \rightarr...

A classical linear system of equations is ...

Given the following quantum state on an ...

Since QA is a generic metaheuristic, it ca...

In the NP-Complete Knapsack Problem, ...

QAOA solves binary optimization proble...

©Marie Salm
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Implementation of an algorithm

QC Atlas

Grover (Grover Algorithm)

Quantum Algorithm

General Implementations Related algorithms Publications
=+
Name Description Dependencies
O Grover SAT The implementation is provided by Qiskit The impleme...

Items per page:

10 v

https://github.com/UST-QuAntiL/quantil-docker

https://quantil.readthedocs.io/en/latest/ ©OMarie Salm 15




NISQ Analyzer

QC Atlas

Grover |/ Grover SAT

Quantum Algorithm  Quantum Implementation

General Publications Software Platforms

QPU Analysis Jobs

New Analysis

Time

2022-05-18T20:50:40.44Z

https://github.com/UST-QuAntiL/quantil-docker
https://quantil.readthedocs.io/en/latest/

Selection Criteria Execution NISQ Analyzer
)

Readiness

Show analysis

©Marie Salm 16



Start analysis

https://github.com/UST-QuAntiL/quantil-docker
https://quantil.readthedocs.io/en/latest/

Start QPU-Selection-Analysis

Vendor

IBMQ

Token *

Select SDKs to be used for compilation:

pytket qgiskit

Include Simulators

©Marie Salm 17




Implementation in Quil for IBMQ

S PyQuil )
from pyquil import Program, get_gc
from pyquil.gates import *
import numpy as np
p = Program()
ro = p.declare('ro', 'BIT', 3)
p += H(O0)
. _ P = B(O) z 7
(9 Quil ) p += H(1)
DECLARE ro BIT[3] p += CPHASE(0.0, 1, 0) - t|ket)
H 0 p += H(g) -
= e )
g 1 b 4= CNOT(2, OpenQASM
p += CNOT(2, ]
CPHASE(0.0) 1 0 - _ OPENQASM 2.0;
H 0 p += CPHASE(0| ipciude "gelibl.inc";
CNOT 2 3 p = ﬁéiéumz A cres el
b = ores oL I :
CNOT 2 4 p += MEASURE(] . 3{112 Transpiler
CPHASE(0.0) 1 2 (E p += MEASURE(] p q[1]:
CPORSE(0-0) 0 2 cul(0) q[11,q[0];
h ;
MEASURE 0 ro[O0] h g{g},
MEASURE 1 ro[1] — ox al2],a131;

cul(0) q[l],q[2];
cul(0) q[0],q[2];

h q[2];

measure q[0] -> c[0];

measure q[l] -> c[1];
G measure q[2] -> c[2];)

©Marie Salm 18




Compilation results

QC Atlas

Grover |/ Grover SAT

Quantum Algorithm  Quantum Implementation

General Publications Software Platforms Selection Criteria Execution NISQ Analyzer

QPU Analysis Job from 2022-05-18T20:50:40.44Z7

Check if QPU data is up-to-date )

Rank Score Backend Name Provider SDK Width Depth Multi-Qubit Gate Depth Total Number of Operations Number of Single-Qubit Gates

- - ibmg_gasm_simulator ibmq pytket 5 N 20 6 40 32

- - ibmg_gasm_simulator ibmq qiskit 5 56 29 79 46

- - ibmq_santiago ibmqg pytket 5 135 67 162 91

- - ibmq_santiago ibmq qiskit 5 114 69 171 95

- - ibmq_bogota ibmq pytket 5 127 57 170 103

- - ibmq_bogota ibmq qiskit 5 113 69 171 95

- - ibmq_lima ibmq pytket 5 124 63 161

©Marie Salm 19




Prioritization of compiled circuits

Prioritize Analysis Results

Select predefined preferences
[ Short waiting time

Stable execution results

Advanced settings

Or define individual metric weights

©Marie Salm 20




Ranked list of compilation results

QC Atlas

General Publications Software Platforms Selection Criteria Execution NISQ Analyzer

Back m Analyze Rank Sensitivity

QPU Analysis Job from 2022-05-18T20:50:40.44/Z »

Rank Score Backend Name Provider SDK Number of Measurement Operations Avg. Single-Qubit Gate Error Avg. Multi-Qubit Gate Error Avg. Single-Qubit Gi
1 1 ibmqg_gasm_simulator ibomq pytket 2 0 0 0
2 1 simulator_statevector ibomq pytket 2 0 0 0
3 0.7443880 ibmq_gasm_simulator ibmg qiskit 2 0 0 0
4 0.7443880 simulator_mps ibmqg qiskit 2 0 0 0
5 0.7443880 simulator_statevector ibmqg qiskit 2 0 0 0
6 0.6816328 simulator_extended_stabilizer ibomq qiskit 2 0 0 0
ibmqg_quito

7 0.2443449 QUTDATED ibmq pytket 2 0.00032977032 0.25796703 26.666t
ibmqg_quito

8 0.2409065 QUTDATED ibmq qiskit 2 0.00032977032 0.25796703 26.666t

9 0.2071411 ibmqg_lima ibmq pytket 2 0.00025296074 0.011037594 26.666t
ibmqg_manila

10 0.2060959 QUTDATED ibmq pytket 2 0.00021612592 0.006822977 26.666t

©Marie Salm 21




Execution

QC Atlas

General Publications Software Platforms Selection Criteria Execution NISQ Analyzer

QPU Analysis Job from 2022-05-18T120:50:40.447

Rank Score Backend Name Provider SDK -Qubit Gate Time (ns) Avg. Readout Error Avg. T1 (ns) Avg. T2 (ns) Queue Size Execution Result

- - ibmqg_gasm_simulator ibmag pytket 0 0 - - 7 Show result

- - ibmg_gasm_simulator ibmq qiskit 0 0 - - 7 Execute

ibmq_santiago
- - OUTDATED ibmg pytket 391.1111 0.03626 144426.28 108564.17 138

ibmq_santiago

- - OUTDATED ibmq qiskit 391.1111 0.03626 144426.28 108564.17 138
ibmg_bogota
- - OUTDATED ibmq pytket 487.1111 0.08396 125368.09 177174.05 101 Show result

Status: FINISHED

Number of shots: 1024

Histogram intersection value: 0.9375

Result: {00=224, 01=260, 10=265, 11=275}

ibmqg_bogota
- - OUTDATED ibmag qiskit 4871111 0.08396 125368.09 177174.05 101
- - ibmg_lima ibmg pytket 387.55554 0.02722 91116.516 107485.53 141

©Marie Salm 22




Input-sensitive implementation selection



How to find implementations that can execute the input data?

Factorizing
N =255

Shor!

.

enough qubits, coherence time, ...?

alala

immense effort & knowledge needed!

24



NISQ Analyzer — Implementation & QPU Selection [1]

N = 255,
QPU = IBMQ_16,
N = 255

' ~gw “Vendor = IBM
SDK: Qi.ski t g‘stli;; tN .
SDK: Qiskit
Implementation Quantum Computer
Shor Selector Selector |

1

1

1

\
15 > Width(Shor-Qiskit) \
A 564 > Depth(Shor-Qiskit)
A SDK = Qiskit ?

Shor-
Qiskit

NISQ Analyzer

Shor-

A Qiskit

\
\
1
1
v

Shor-Qiskit
Input: N : Int
Output: F : Int[]
SDK: Qiskit

y Selection Rules:
O0<N<1024 A ...

Implementation Repository

IBMQ_16

Qubits: 15

SDK: Qiskit
Vendor: IBM
maxDepth = 564

Algorithm Repository QProv [2]
: : Analysis & Selection
Algorithm Selection y

o Algorithm Implementation

Execution
9 Quantum Computer

[1] Marie Salm, Johanna Barzen, Uwe Breitenbticher, Frank Leymann, Benjamin Weder, et al. 2020. The NISQ Analyzer: Automating the Selection of Quantum Computers for Quantum
Algorithms. In: Proceedings of the 14th Symposium and Summer School on Service-Oriented Computing (SummerSOC 2020), Springer International Publishing, 2020

[2] Weder, Benjamin; Barzen, Johanna; Leymann, Frank; Salm, Marie; Wild, Karoline: QProv: A Provenance System for Quantum Computing. In: IET Quantum Communications, Wiley, 2021
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Analysis based on input data

https://github.com/UST-QuAntiL/quantil-docker
https://quantil.readthedocs.io/en/latest/

Start Analysis

Cloud Service

Your Token

Cancel

©Marie Salm 26




Compilation results of different implementations

QC Atlas

R}

Check if QPU data is up-to-date

Implementation: shor-fix

Backend Name Provider SDK Width Depth Multi-Qubit Gate Depth Total Number of Operations Number of Single-Qubit Gates Number of Multi-Qubit Gates
ibmqg_gasm_simulator ibmg qiskit 5 7 4 10 2 5
ibmq_santiago ibmq qiskit 5 15 3 24 15 6
ibmqg_bogota ibmqg qiskit 5 17 8 26 12 11
ibmq_lima ibmg qiskit 4 12 5 14 6 5
ibmq_belem ibmq qiskit 5 12 7 17 6 8
ibmq_quito ibmq qiskit 5 12 7 17 6 8
simulator_statevector ibmq qiskit 5 7 4 10 2 5
simulator_mps ibmq qiskit 5 6 4 9 1 5
simulator_extended_stabilizer ibmg qiskit 3 7 2 9 4 2
ibmqg_manila ibmq qiskit 5 " 5 16 5 8

Implementation: shor-general

Backend Name Provider SDK Width Depth Multi-Qubit Gate Depth Total Number of Operations Number of Single-Qubit Gates Number of Multi-Qubit Gates
ibmq_gasm_simulator ibmq qiskit 5 7 4 10 2 5
ibmq_santiago ibmg qiskit 4 18 6 25 16 6
ibmq_lima ibmq qiskit 4 12 5 14 6 5

©Marie Salm 27




Conclusion



Conclusion

= to select/design & execute a circuit
= QPU, compiler, SDK & access must be considered

= for precise & fast executions

» automated selection, translation, compilation, prioritization & execution

= plug-in based, supports extensibility

= inthe future
= further SDKs
= deeper analyzes

Thank you!

= jntegration into QHANna
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