National Physical Laboratory

A Review and Collection of Metrics and
Benchmarks for Quantum Computers:
definitions, methodologies and software

Deep Lall

Institute for Quantum Standards and Technology, National Physical Laboratory

arXiv:2502.06717



Quantum Software and Modelling Team NPLE

National Physical Laboratory

QMI

Quantum Metrology Institute

Theory in support of experiments: material
origins of noise in superconducting qubits

E % il
nvironment rJJ
W ] TLS defect
Ao
3
TLS  Spins Phonons He YA

Quantum algorithms for
materials simulations

APL Quantum 2, 016121 (2025);
“%‘f%" Nature Comp. Sci. 1, 410 (2021);
PP

Cu

> :3 pyTTN tensor network library for

] . . .
. o :‘ Se closed and open quantum systems Qubit Chara_Cte”satlon and (é)
L, (https://gitlab.npl.co.uk/qsm/pyttn) benchmarking: (Referamr cad pota
towards g°°d praCt'ce M. Lucas., J. Saunders, S. E.
approaches and standards de Graaf et al, Nature M. M. Hegediis et.
Commes. 14, 3522 (2023); al, Science Adv. (2025)
A Review and Collection of Metrics and
. . Benchmarks for Quantum Computers:
Effects of nOIS_e n definitions, methodologies and
quantum algorithms software, arXiv:2502.06717 (2025) _ o
3 ; Qubit characterization
2 i . 1.0 4 .
entangled « Mean-field low U_g_)! Non-Markovian
® 1%: entanglement noise model
o " B S lﬁ_ X
-1 M.i ,
0.00 0.0z 0.04 0.06 0.08 0.10 06
¥, noise level 0.5 1
NPJ Quantum Information 11, 84 (2025); QST 9 015015 I

(2023); Quantum 6, 804 (2022); PRA 104 022403 (2021) Quant. Sci. Technol. 9, 035017 (2024)



Acknowledgements NPLE

National Physical Laboratory

QMi

Quantum Metrology Institute

Contributors

= NPL: Deep Lall, Abhishek Agarwal, Weixi Zhang, Lachlan Lindoy, Tobias Lindstrom,
Stephanie Webster, Simon Hall, lvan Rungger

» NQCC: Theodoros Kapourniotis, Konstantinos Georgopoulos, Ash Vadgama, Simon Plant
= Durham University: Nicholas Chancellor

= University of Edinburgh: Petros Wallden, Raul Garcia-Patron Sanchez, Elham Kashefi

= University of Strathclyde: Viv Kendon, Jonathan Pritchard

= University of Warwick: Animesh Datta

University of

Strathclyde . (N:ational ngntum
omputing Centre
Glasgow WARWICK P

THE UNIVERSITY OF WARWICK

"Durham

University

UK NATIONAL
QUANTUM

TECHNOLOGIES
PROGRAMME

Funding was provided by the National Quantum Computing Centre O
and the National Quantum Programme A



NPL

Motivation

QMi

Quantum Metrology Institute

» The emerging quantum computing hardware spans a wide range of different technologies,
both for circuit based and non-circuit-based quantum computers. This makes it difficult to
compare the performance of the different architectures.

» Manufacturer reported quantum computer performance metrics are often difficult to

reproduce. Often, parts of the methodologies used to obtain these performance metrics are
not reported.

» There is the need for objective performance comparisons based on well defined metrics
by which emerging quantum processors can be fairly measured and compared.
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A number of proposed algorithms may achieve _ Norse i the hardware 1s mam obstace
quantum advantage

Metrics and benchmarks needed to objectively quantify and guide progress towards
quantum advantage

= Development of benchmarks and metrics active area of research: SAND2019-0963R (2018), arXiv:1912.00546;
arXiv:2112.09457; entropy (2022); arXiv:2407.08828v1 (2024), arXiv:2407.10941v2 (2024), arXiv:2408.12064 (2024),
https://metriq.info/; ...

= Standardization working groups established: https://quantumconsortium.org/;
https://standards.ieee.org/ieee/7131/10681; https://www.darpa.mil/program/quantum-benchmarking; CEN/CLC

JTC22/WG3 benchmarking task force (NPL); IEC/ISO JTC 3 Quantum technologies (NPL), AhG 5 Quantum
Computing and Simulation

Work commissioned by the NQCC on “Open Standards for
Emerging Quantum Processors”:
Define metrics and the associated methodologies by which

emerging quantum processors can be fairly measured and
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= Collect metrics and benchmarks for quantum computers used in practice

= Necessary properties: transparency, reproducibility, comparability, objectivity

» Using the chosen set of metrics, one should be able to determine:
 what are the key areas that need improving for the specific QC (hardware vendor)
« what algorithms may successfully run on the QC (end user)
 which QC to use (everybody)

How did we achieve these aims?

= Developed a review of metrics and benchmarks for quantum computers

» Selected metrics that together comprehensively evaluate device performance
= Methodology, assumptions, limitations provided for each metric

= Open-source software provided
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= Aim: comprehensive & holistic evaluation of device performance
= Metrics grouped based on performance aspect they measure

Hardware architecture properties: \What are the device’s architectural properties and what operations is it
able to perform?

Quality metrics: How close are the outputs of computations on the device to those of the ideal noiseless
device?

Stability metrics: How stable and reliable is the device over time?

Non-gate-based quantum computer metrics: What algorithms are non-gate-based quantum computers
targeting and what is their performance?
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What is included for each metric

Metric title
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Short definition of the metric.

Long description .

Long description of the metric.

Measurement procedure

Consistent structure and information for all metrics
Each metric is as self-contained as possible
The length depends on metric, can vary between

1-4 pages depending on metric

Description of the methodology to measure the metric.

Assumptions and limitations

Where relevant, a list of assumptions underpinning the metric is provided, as well as

practical limitations.

Source code

Where available, this section provides links to free open source libraries suitable for

measuring the metric.

References




Accompanying software - QCMet

Quantum Computing Metrics and Benchmarks

Q QCMete

¥ main ~ qomet /| + -~

. Initial commit of QCMet

Deep Lall authored 1 month ago

Name
_helpers
tutorials
.gitignore
@ .gitlab-ci.yml
LICENSE
5 NOTICE
=+ README.md
% base_requiremnents.txt
conda_environment.yml

& full_requirements.txt

[©) README.md

QCMet

Name

circuit_execution_quality_metrics
gate_execution_quality_metrics
hardware_architecture_properties
quantum_annealers
qubit_quality_metrics
speed_metrics

stability_metrics

well_studied_task_execution_quality_metrics

Initial commit of QCMet 1 month ago

Initial commit of QCMet 1 month ago

Initial commit of QCMet 1 month ago

@ QCMet - Quantum Computing Metrics and Benchmarks

Software repository for "A Review and Collection of Metrics and Benchmarks
for Quantum Computers: definitions, methodologies and software"

Contents

1. Summary of reference article

2. Overview
3. Running the software
4. Notes on dependencies

QCMet is the software accompanying the article "A Review and Collection of Metrics and Benchmarks for
Quantum Computers: definitions, methodologies and software". It is licensed under the Apache License, Version

hubbard_model_simulation

qft

qscore

vge

[} README.md

Hubbard model simulation (HMS)

In this directory we have the code for Hubbard model simulation (HMS).

Parameters

To run the Hubbard model simulation, you will need to run the hubbard_model_simulation.ipynb Details of the
notebook as well as the metrics document.

There are parameters that can be adjusted, such as:
« [N - the number of Fermionic sites.
t - the hopping integral.
U - the onsite energy.
dt - time for each Totterisation step.
steps - the number of Totterisation steps.
initial_state - list of qubits to initialise into |1> instead of |0>.
device_name - the name of the (AWS) device to use. Default to "noisy_sim" for noisy simulations.
* noise_model - an optional giskit_aer.noise.NoiseModel to use for noisy simulations.

The parameters are pre-setto N =4, t =2, U =2, [dt =0.5, steps =10 and |initial_state =[0] meaning the first qubit is initialised into 1> whereas all other
qubits are initialised into [0>.

Usage
As the notebook is set up now, if the required dependencies are installed, you may run the notebook with jupyter notebook by clicking on 'Run All'.

This will run the Hubbard model simulation with giskit using both a noiseless state vector simulator and a noisy simulator that simulates the noise levels in the
IBMQ Kolkata device.

A normalised fidelity between the two obtained probability distributions will be calculated. This together with the details of the simulations will be saved into the
data subdirectory. Each run is in its own unigue folder which is created depending on the time it was created.

In the subdirectory, there will be a plot output for the experiemnt.

1 Exact probabilities
I Emulator results
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Fast scalable metrics for large-scale devices Speed and stability metrics

Fast benchmarks for 1000+ qubit devices Quantify speed for running gates
Metrics that guide and track progress towards quantum error corrected to algorithms

fault tolerant quantum computing Quantify stability at different
Benchmarks for distributed quantum computers timescales

Metrics for other components/technologies Noise assumptions

Benchmarks for quantum software, such as * Metrics devoid of noise model assumptions

low-level compilers » Metrics quantifying specific kinds of noise such as crosstalk or
Benchmarks for non-gate-based quantum non-Markovian noise

computing approaches




Conclusions: towards good practice NPL
approaches and standardization

iv.
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the identification and agreement on the categories of metrics that comprehensively benchmark device
performance

the identification and agreement on a set of well-established metrics that together comprehensively
benchmark performance

the identification of metrics specific to hardware platforms, including non-gate-based quantum
computers

inter-laboratory comparison studies to develop best practice guides for measurement methodology

agreement on what data and software should be reported together with a metric value to ensure
trust, transparency and reproducibility.

sais - L




Summary

M1. HARDWARE ARCHITECTURE PROPERTIES

M1.1. Number of usable qubits

M1.2. Pairwise connectivity

M1.3. Native gate set

M1.4. Capability to perform mid-circuit
measurements

M2. - M5. QUALITY METRICS

(HARDWARE MANUFACTURER

M2. QUBIT QUALITY M3. GATE EXECUTION QUALITY M4. CIRCUIT EXECUTION
METRICS METRICS QUALITY METRICS

M2.1. Qubit relaxation time M3.1. Gate set tomography- M4.1. Quantum volume
T1) based process fidelity M4.2. Mirrored circuits
M2.2. Qubit dephasing time M3.2. Diamond norm of a average polarization
(T2) quantum gate M4.3. Algorithmic qubits
M2.3. Idle qubit purity M3.3. Clifford randomized M4.4. Upper bound on the
oscillation frequency benchmarking average gate error | variation distance

M3.4. Interleaved Clifford
randomized benchmarking gate

error

M3.5. Over- or under-rotation

angle

M3.6. State preparation and
measurement fidelity

M3.7. Cycle-benchmarking
composite process fidelity

[HARD WARE COMPONENTS

M6. SPEED METRICS I

M8. METRICS FOR QUANTUM
ANNEALERS

MB8.1. Single qubit control errors
M8.2. Size of largest mappable
fully connected problem

M8.3. Dimensionless sample
temperature

M7. STABILITY METRICS

M7.1. Standard deviation of a specified metric
evaluated over a time interval

M8. - M10. NON-GATE-BASED QC METRICS

M9. METRICS FOR BOSON M10. METRICS FOR NEUTRAL
SAMPLING DEVICES ATOM DEVICES
M9.1. Hardware characterization M10.1. Analogue process fidelity
and model as metrics M10.2. Trap lifetime
M89.2. Quantum advantage M10.3. Reconfigurable connectivity

demonstration as metric
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Review and collection of metrics and
benchmarks for quantum computer with
defined metrics categories

Open-source library containing methodology
implementation

|dentified key areas for further development of
metrics

Proposed items for development of good
practice guides as first step towards longer
term development of standards



Our current research feeding into qubit quality and
application-level benchmarks

Tensor networks based classical and quantum algorithms for materials simulations & QEC
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