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Motivation

• Some very promising proposals to achieve fault-tolerance, particularly in measurement-based quantum 
computation using photons   Kieling et al. 07’, Bartolucci et al. 21’; Raussendorf and Briegel 01’, De Gliniasty et al. 23’

• But, we’re not there yet….



Photonic NISQ Computing

• Noisy intermediate scale quantum (NISQ) devices are the devices we have currently

• Photonic NISQ devices
Several photons affected by various noise 
sources (photon loss, distinguishability 
errors,…) Ex: The Ascella processor

• Gate-based NISQ devices 
Tens of qubits in matter-based affected by 
various noise sources systems (Pauli stochastic 
noise, drift effects, decoherence,…)

KLM encoding

Boson sampling encoding Aaronson and Arkhipov 11’

Figs. from : Garcia-

Patron et al. 19’, Michielsen

et al. 17’



• Several groundbreaking experiments claiming quantum advantage
• Becoming increasingly difficult to spoof classically

Zhong et al. 2020Arute et al. 2019

Why you should care about noisy intermediate-scale 
quantum (NISQ) devices
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• Convincing evidence of useful quantum advantage in 
NISQ algorithms, especially when coupled with error 
mitigation techniques

Why you should care about NISQ
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• NISQ devices can be useful to understand noise models and 
demonstrate basic fault-tolerant operations

• Important for scaling up!

Why you should care about NISQ
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• Benchmarking is important for assessing the quality of NISQ devices

• Some benchmarks are powerful tools, as they come with complexity 
theoretic guarantees of quantum-over-classical advantage

• Others come with guarantees of security

• A “zoo” of quantum information benchmarking protocols exists, 
each with their own set of assumptions, information gain, and 
scalability

• We will focus on benchmarks being widely implemented on current 
NISQ Devices

Eisert et al. 20’

Benchmarking and Certification



Quantum Volume 
Benchmarking Generic Performance

• Random 2-qubit gates

• Any-to-any-connectivity

• Strong complexity-theoretic evidence that HOG cannot be 
performed efficiently on a classical computer Aaronson and Chen 16’

• Quantum volume idea: test if the output probabilities of random 
quantum circuits satisfy the HOG criterion



Photonic Quality factor (PQF)

Benchmarking Generic Performance

Quantum Volume is not natural for benchmarking 
Photonic NISQ devices

a) Many algorithms on photonic NISQ  devices don’t 
require qubit encodings!

b) Generic photonic NISQ circuits – Boson samplers –
are different than random quantum circuits
Aaronson and Arkhipov 14’

c) Quantum Volume is not tailored for noise sources 
affecting photonic NISQ devices (photon loss, 
distinguishability,…)

d) Need for a new metric: Photonic quality factor (PQF) 

Mezher and Mansfield 22’



Photonic Quality factor (PQF)

Benchmarking Generic Performance

Data from Ascella QPU

Common sources of noise in photonic NISQ devices

• Photon loss
• Distinguishability of single photons
• Multi-photon emissions
• Chip errors
…



Photonic Quality Factor (PQF)

Benchmarking Generic Performance

1. Configure a Haar random 𝑀 × 𝑀 unitary 𝑈
and pass a 𝑁 photons through it, collect 
output statistics by running the experiment 
many times, 𝑀 = 𝑁2+𝛾

2. Repeat for different Haar chosen 𝑈
3. Do the tests 𝑡𝑙𝑜𝑠𝑠, 𝑡𝑑,1 𝑡𝑑,2 , 𝑡𝑑,3, 𝑡𝑑,4 on 

collected data (computing certain output 
probabilities)

4. If all tests pass, increase the number of 
modes and repeat

Our PQF benchmark is the largest 𝑵 for which 
all our tests pass

PROTOCOL

Sample complexity (number of 
experiments) needed for the tests 𝒕𝒍𝒐𝒔𝒔, 
𝒕𝒅,𝟏 𝒕𝒅,𝟐 , 𝒕𝒅,𝟑, 𝒕𝒅,𝟒 is polynomial in N 
and M, thus our method is scalable

Scheshnovic 16’; Walschaers et al. 16’; RM and SM. 22’



Photonic Quality factor (PQF)

Benchmarking generic performance

Efficient 
classical 
strategy

𝒕𝒍𝒐𝒔𝒔 𝒕𝒅,𝟏 𝒕𝒅,𝟐 𝒕𝒅,𝟑 𝒕𝒅,𝟒

Distinguishable 
particles 
(Walschaers et al.)

N/A X X X X

Lossy Boson 
sampling 
(Oszmaniec et al.)

X N/A N/A N/A N/A

Mean field 
strategies
(Tichy et al.)

N/A ✓ X X ?

Google’s greedy 
sampler
(Villalonga et al.)

N/A ? ? ? X

Renema et al.’s 
algorithm
(constant loss and 
distinguishability)

X ? ? ? X

Brute force 
permanent 
approximation 
(Gurvits)

N/A X X X X

N/A – Not Applicable
X – Fail
✓ – Pass
? – Unknown

• PQF is evolutive
• More noise sources can be 

integrated by adding more tests 



Photonic Quality factor (PQF)

Benchmarking Generic PerformanceF

• Ascella QPU has a PQF = 3



Benchmarking Specific Quantum Gates

a) Randomized benchmarking (RB) is commonly used technique.
Magesan et al. 12’

b) Allows estimation of average gate fidelity free of State Preparation And 
Measurement (SPAM) errors

c) Needs to implement a sequences of gates not natural for modular architecture 
(interferometer) to evaluate average fidelity 𝐹𝑎𝑣

d) We propose new way to directly measure 𝐹𝑎𝑣

Mezher and Wein, in prep. 

Λ is a quantum channel (CPTP map)



Direct Average Fidelity Computation

• Complicated general expression
• But reduces to some nice special cases for specific gates!

Expression of average
Fidelity for the T-gate



Direct Average Fidelity Computation

By choosing realistic noise models for distinguishability, 
and appropriate postprocessing, we obtain SPAM free 
estimates of 𝐹𝑎𝑣

Maring et al. 23’

Mezher and Wein , in prep. 



On the Need for Fair Comparisons

Hong-Ou-Mandel circuit 

Qubit gate-based circuit for Hong-Ou-Mandel

• 4-qubit circuit with a 4-qubit unitary
• Decomposable as 868 gates on 127 qubit 

IBM Eagle
• Of which 198 two-qubit gates

QPU output is noisy because circuit is very deep: 
all outputs appear instead of exactly two

• One can also think of tasks which are natural in 
photonics but not natural for gate-based circuits

Encoding of Aaronson 
and Arkhipov



Takeaway

• Many types of benchmarks for quantum hardware
• Each with their own guarantees, information gain, scalability

• Some benchmarks are used for testing generic performance
• Quantum Volume
• PQF

• Others test the performance of a specific applications
• Others test performance of specific quantum gates

• Randomized Benchmarking
• direct average fidelity computation

• Some tasks which are natural in qubit gate-based circuits are difficult to implement in photonic circuits
• And vice versa
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