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Emerging technology:
Quantum computing

Quantum computing (QC) promises to be useful in many
application areas and therefore industries:

= Simulation of qguantum mechanical systems
(Development of new drugs, chemical sector with battery
development,...)

= Solving linear systems of equations (fluid dynamics, e.g., in
aerospace)

= Optimization problems (Logistics, production, pharma,...)
= Quantum machine learning (Computer vision, mobility,...)

But which combination of quantum computing hardware +
software + algorithms can achieve this?
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A word on complexity and what we need to achieve

In QC we are interested in achieving at least a polynominal
N exponential speedup with rfaspect t-o classical algorithms, probably even
Eacelicas super-polynomial required [1]
— Complexity Theory, comparisons quantum & classical
.~ Quadratic algorithms typically in ,Big-O’-notation

.____, linear

T = * logarithmic
Note: simply measuring benefits in terms of computational
complexity might be too short-sighted: accuracy, energy

efficiency...

»
L

Problem size
Also tendency to go to more ,empirical’ benchmarks (like in ML)

[1] Torsten Hoefler, Thomas Haener, Matthias Troyer, Disentangling Hype from Practicality:
On Realistically Achieving Quantum Advantage, arXiv:2307.00523 [quant-ph]
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Which application categories are promising?

[T. Hoefler, T. Haener, M. Troyer, Disentangling Hype from Practicality: On Realistically Achieving Quantum Advantage, arXiv:2307.00523 [quant-ph]]
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Fig. 1. Quantum speedup: The time needed to solve certain problems with quantum algorithms increases more slowly
than that of any known classical algorithm as the problem size N increases. To be practical, however, we need more than
an asymptotic speedup: the crossover time where quantum advantage gets realized needs to be reasonably short and the
crossover problem size not too large. (For illustration, the time axis is scaled such that the quantum algorithm is a straight
line.)
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To achieve a practical
quantum advantage it is
required that a quantum
computer is also faster in
real time compared to a
classical computer — this
means not just
assymptotically.

Possibly for every
application/algorithm
specific cross-over point.
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Motivation for benchmarks

Quantum computing itself already proposed in the 1980s: =» Benchmarking of all guantum hardware, software &
* R.P.Feynman algorthms and indeed solving use cases required.
= D. Deutsch

=» Different levels of benchmarks:

Key fault-tolerant algorithms proposed in the 1990°s:
= Shor's algorithm
= Grover's algorithm

Component-level: benchmarks of hardware implementation of
individual components

System-level: benchmarks of hardware performance of entire
implementations

, , . _ Application-level: comping from concrete use cases
Despite small laboratory experiments of realizing quantum computers in

the 1990s, interest in quantum computing only raised significantely in

2019 with the Google Sycamore experiment

= Since then various claims of quantum advantage, quantum utility, ...

= But no practical guantum advantage achieved yet.

= One difficulty is the slowness of quantum hardware versus speed-ups
in computional complexity.

+ also finer level benchmarks

\
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What is a benchmark?

A (quantum) metric is a quantitative measure to assess the performance of a (quantum) device, specified by a
clear protocol. The verb (quantum) benchmarking details the act of performing a (quantum) benchmark. A
(quantum) benchmark is a set of results of implementing one or multiple quantum metric(s) on a certain set of
(quantum) devices aimed at characterizing the accuracy of the implementation.

\
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Objectives and SOTA of benchmarking

= Target groups: General public & specialists; HPC centers to guide procurement of devices; users; investors

= Objectives:

Comparisons of different hardware platforms: developments towards large-scale quantum computing, accuracy, time
of computations

Progress towards fault-tolerant quantum computers; requires scalable benchmarks

Different benchmarks serve different target groups

= SOTA:
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First benchmarks centered around component-level benchmarks, but these are difficult to scale

Overall system performance rather depends on operations executed most often, or being particularly bad.

For fault-tolerant quantum computers, overhead by quantum error correction will be important

Combining individual computional building blocks on quantum computers demonstrated that the total system behaves
differently (e.g. through cross-talk) -> holistic benchmarks

More recently, HPC-level benchmarks & application-level benchmarks

\
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Benchmarking initiatives
Application-driven (examples)

Europe

BACQ (France)

Benchmarks Applicatifs des Calculateurs Quantiques

THALES, LNE, CEA, CNRS, EVIDEN & TERATEC

Bench-QC (Germany)

Application-driven benchmarking of quantum computers

Fraunhofer IIS & IKS, BMW, ML Reply, Optware,
Quantinuum

QPack (Netherlands) Benchmark for quantum computing TU Delft
CUCO (Spain) Computacion Cuantica En Industrias Estrategicas GMV
EuroQCS-Poland Application Performance Benchmarks for Quantum Computers PSNC
UK

UK Quantum Computing
Metrics

UK Quantum Metrology Institute of PNL

USA

QED-C Benchmark

Computer programs and software for use in the fields of quantum science and
engineering

Quantum Economic Development Consortium

QBI Quantum Benchmark Initiative DAPRA
HamLIB A library of Hamiltonians for benchmarking quantum algorithms and hardware | INTEL and others
MetriQ Community-driven quantum benchmarks Unitary Fund

IEEE SA - P7131

WG P7131 “Standard for Quantum Computing Performance Metrics &
Performance Benchmarking”

IEEE
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Summarizing and coordinating benchmarking efforts within Europe
The European Quantum Computing Benchmarking Coordination Committee

Different initiatives emerged all over Europe to benchmark the capabilities of
guantum computing while reaching higher TRLs

= |Important point to understand how different quantum hardware platforms compare
to each other — in a systematic and quantitative way.

= Realization that also the interplay of different components within the software stack
needs to be considered.

Meeting of the different activities:

= TERATEC seminar close to Paris in May 2023
— afterwards contribution to the Strategic Research and Industry Agenda for
Quantum Technologies (SRIA) with a chapter on benchmarking

= Second TERATEC seminar on benchmarking in Reims in June 2024 465 JUNE 2024
— kick-off of a coordination activity of all European benchmarking efforts: REIMS
European Quantum Computing Benchmarking Coordination Committee [https://teratec.eu/activites_quantiques/TQClI
Led by Jeanette Lorenz (Fraunhofer IKS, Germany), Frederic Barbaresco (THALES, _240604_programme.html]

France) and Ward van der Schoot (TNO, Netherlands)

N\
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Recommencations of the SRIA report
Strategic Research and Industry Agenda (SRIA 2030) for Quantum Technologies in the EU

Recommendations

To encourage to have a single coordination forum between the different European benchmarking
Initiatives
Encourage exchange between standardisation and benchmarking activities

Define a programme at European level to support R&D effort with cross-disciplinary approach and
Inclusion of academia and industry for benchmarking.

Support access to the machines through EuroHPC for benchmark development and testing to enable the
development of quantitative and objective benchmarks.

—
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Different types of benchmarks

High-level benchmarks

Application level Classical

m? / qubit

Software level .
Power to solution

System life-cycle

System level Sustainability

HPC + Cloud level

Supply chain

Time to solution

o060} (SUP: ) QV | (@O ( XEB

Component level

T1+T2 || Tomography
Low-level benchmarks & metrics Legend: (NIsQ & FTQC-ready) (EIGS)

—
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How to construct benchmarks & types
For digital (and universal) quantum computers

Benchmarks need to be reproducible & provide a meaningful comparison across platforms

= Defined in a SDK-agnostic and open (e.g., Open-QASM) format

At least one reference implementation using a specific SDK including both quantum circuits + classical post-processing
routines

Standardized evaluation code with statistical methods defined + sample datasets

Benchmarks are required to be transparent, e.g. error mitigation method clearly outlined

Classical resources in hybrid algorithms need to be clearly defined, delineated and quantified

Scalable

\
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Component-level benchmarks
Measuring performance of low-level components

\_

/T1 /T2 times:

How long a qubit remains stable

Historically used, but disadvantages

Unit is time, but misleading, as would need to be compared to
gate operation times

Basis dependent

Lower bound on performance, but not providing overall
predictive statement on performance

~

)

Quantum state tomography:

Recovery of unknown states based on data
Not scalable

Gate-set tomography:
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Not scalable
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Randomized benchmarking:

~

Efficient extraction of state preparation and measurement errors
+ gate operation errors

Many specialized variants

Possible to extend to logical qubits/ fault-tolerant QC

Possible to extract the average gate fidelity

)

Property testing:

Verifying in a robust and reliable fashion if a certain property is
present in an unknown quantum state; e.qg., entanglement

Averaged circuit eigenvalue sampling:

Detect and characterise correlations

Benchmarks of QEC protocols

Public information
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System-level benchmarks
To assess performance of entire implementations

-

Quantum volume:

= Statement if a certain number of qubits + gates provides a certain
average success probability

Problematic, as not scalable

~

\_ J

Error per layered gate:
= Measurement how errors propagate through a given architecture

~

Clifford volume:

Gates restricted to Clifford gate operations

Output can therefore be calculated and compared
Reasonable predictive power about quality of gate operations
NISQ and FTQC

J

MegaQuOp:
Benchmark for large-scale systems
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GHZ states:
Evaluation population & coherence of GHZ states
Applicable to both physical and logical qubits

Circuit layer operations per second (CLOPS)

Reliable quantum operations per second (rQOPS)

Cross-device verification

Benchmarks related to quantum error mitigation

Quantum operations:
For FTQC
Tracks number of operations that a system can reliably execute
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HPC-level & software-level benchmarks

Software-level benchmarks

Consider the entire software stack with all layers and APIs from the
end-user to the actual executation on a quantum processor.

Important step: compilation

= Exact compilation of quantum circuits NP-hard in worst case

= Quantum compilation volumetric benchmark similar to quantum
volume would be sensible: how many qubits and layers of gate
operations can be compiled — requires standardized target-
computations to be realized

Benchmarks considering the overhead introduced by quantum error
correction also desirable
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HPC-level benchmarks

Similarities between classical HPC systems and challenges now coming
up in QC.

HPC-level benchmarks of increasing importance as quantum computers
get integrated into HPC centers. LINPACK-like benchmarks may be
relevant.

Cloud-level benchmarks

= Relevant quantities include computational power, storage speed,
memory throughput, network latency, instance provisioning time,
queue times, cloud front-end overheads
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Application-level benchmarks

Application problem (in mathematical form) + KPIls/metrics + protocol

Benchmarks based on algorithms: Different more wide benchmarking frameworks and
= Need at least superpolynomial speedup to obtain overall suites:
better performance than classical algorithms = QED-C metrics
= Shor’s algorithm suited as scalable benchmark applicable = SupermarQ
to both NISQ and FTQC domains =  BaCQ
= One of the European Quantum technology flagship = QUARK/Bench-QC
KPls = Open QBench

= Due to industrial relevance, various benchmarks to assess
improvements towards solving industrial optimization
problems:
= Qscore, QPack, QUAS
= But unclear if QAOA variants can provide any
advantage over classical algorithms — refrain from
using them

—_,-/
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Recommendations

_ Systematic benchmarking of quantum computers:
[https//a rxw.org/a bs/2 50304905] status and recommendations

Jeanette Miriam Lorenz*?, Thomas Mone'S, Jens EisertT, Daniel Reitmer**, Félicien Schopfertt,

| ; x xi x& =
Fridéric Barbarescot, Kreysztol Kurowski | Ward van der Schoot, Thomas Strohm | Jean Senellart |
Cécile M. Perrault”™, Martin Knufinke”™, Ziyad Amodjee™, Mattia Giardini™
*Fraunhofer Institute for Cognitive Systems [KS, 30686 Munich, Germany (email: jeanctte. miriam.lorenz @iks. fraunhofer.de)
- N ‘l,udwig-hilaxim.ilia_ns-llfﬂmsitj MI:ITIi.Ch. !H].?Z‘i Munich, Gu'rnan;‘,' o _
L L L D i Quintum Tochaelog s G, G020 tosbract, Ats
= BenChmark|ng In quantum Computlng Increases In Importance, but 1Dahlem (Zl:nlr:rﬁ'irtfnmplr:lem'tumSyslcms, Freic Universitit Berlin, 14195 Berlin, Germany
- . Fraonhofer Heinrich Hentz Institute, 10587 Berlin, Germany
benchmarks also need to be accompanied by standardized it abermni, ety o - 6. Samevsid 11615, 42 00 Bmo, Croh Republie
. " . H ES, w. Aungustin Fresncl, ¢ aiscan, France
evaluation software & sample data. Existing benchmarks and Poanan Supercomputing and Networking Cener 1BCH PAS, Noskowabiog, 1214, 61-704 Pozsan, Poland
. nTEl: Metherlands ()fganLﬁati.nn (TN for applicd scicatific n:lqcan:h, :l'h.: Hague
metrics need to be used. b N o e ™™
) " Exiden, cenceseomputing AG, Hupalocher Weg 75, 3070 Tungen Gormary
Laboratoire Charles Fabry, Institut d"Optique Graduate School, CNRS, Universiic Paris Saclay, 91127 Palaiscan, France
= The development and establishment of hardware-agnostic, Faropean Quantm Induscy Consorium & V. eo-Brande St 33428 Jalich
statistically sound, and numerically efficient evaluation At fr gt comptio cn sy b 11 St of the ¢ of quant compoting bench
sl.::g:d m“hle::“d::::ul m ides a.ms: rd:sam- mr\uw m g
routines is a significant effort, on top of current activities to o e St 0 et o ool benchaarkns 1\ Hw o deine quastum benchmarks s
i . . i the perf: of o ing the hardware, IV-A BCI:}C'LI:I'IB.I‘k VoTsus metric ... L L. L L 5
establish the benchmarking protocols in an open and standardised T ittt i Tt e e et ey
. . . . . software-level, HPC-evel, and application-level benchmarks. ol ... . e e [
fashion - dedicated projects & funding required Compumntion bechmarts b o e prlormate oo 1D Aggepatin difntmoiies 7
the entire quantum processor. Software-level bet ‘ome ¥ Different benchmarks 7
t!.I'C-ImI and clond benchmarks ﬂm. m:e'r'mn‘:::_:ﬁ \":A (Enmpcl:wm-lcwl-ljclxmchns:ts ...... T
= Benchmarks need to be tightly i di d aligned with T T e T ve sty 1
g y Integ rate |nt0 an a Ig ne Wlt mr:p::ln discusses the “"m “:"“‘M“ﬁm o V- HPC-level and cloud benchmarks . . . . 10
. = mgwm . :mm: 5 nh.h‘r::‘:: ‘I::. mnl.un: cnlm mnrlu::: V—I? App!i_cathn—lc\fc.l hcnr.‘hn]aﬂcs. T n
on-going quantum activities across the entire quantum stack. :ﬁ:.m. e i bV Al clscl s o consier 1
and i with broader VI  Standards 15
quantum techoology activities.
Inder Terms—Quantom computing, gquantum  algerithms, VII O i ions for further steps 15
L] = = = I benchmarking, metrics.
= Integration of benchmarks into standardization activities need ‘ N LIST OF ABGREVIATIONS
CONTENTS ACES Averaged  circuit eigenmf.fie sampling  is a
to be covered by entities more suitable for ISO and CEN-CENELEC. | lntroducton 2 Coible of detactig nd charscic g correlaons.
. . . o FT(C Fa.u!t—m}z_mnt q.umr!um computing relies on carcful
Representatives need to be appointed on the national level, and " Teminbe : compraseiond insrctons fach th. ams do ot

require a significant time of coordination on a EU-wide scale.
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Contact

PD Dr. habil. Jeanette Miriam Lorenz
Head of Department

Associate Professor @ LMU Munich
Speaker of the consortium K7-QACI of the Munich Quantum Valley

Tel. +49 89 547088-334
Jeanette.miriam.lorenz@iks.fraunhofer.de

Fraunhofer IKS
Hansastr. 32

80686 Munchen
www.iks.fraunhofer.de
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