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Programma 101 (P101) by Olivetti

● Personal desktop programmable 
calculator

● By some considered the first 
commercial PC…

● Presented in NYC in 1965
● Designed by Mario Bellini
● Not supported enough by 

Olivetti’s leadership team

● No screen…
● Hard to code…
● Limited computing capability…
● Limited instruction set…
● Enthusiastically adopted by 

NASA, LANL, etc.
● Expensive ($3,200, equivalent to 

~$27,500)
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… Actually NISQ computers have things in common with these

● Very few available worldwide
● Bulky
● Require expert operators
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… Noisy intermediate-scale quantum computing devices, still…

● They are connected to the cloud
● They work with open-source software
● They leverage existing UX/UI web stack
● …

Current NISQ quantum computers are a strange hybrid, let’s look at 
what it entails running programs on them
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Running programs on quantum computers (or simulators)

Quantum program

(e.g., VQA: Hybrid CC/QC)
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Running programs on quantum computers (or simulators)

Quantum Circuit

Quantum program

(e.g., VQA: Hybrid CC/QC)
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Running programs on quantum computers (or simulators)

Quantum Circuit

Quantum program

(e.g., VQA: Hybrid CC/QC)

Quantum Computer

Bitstrings
Run 1: 01011101010010……
Run 2: 01011101010010…… 10



noiseless 
Hamiltonian

Ideal Von Neumann master equation:

Ideal quantum circuits: unitary gates (+ measurement/barriers)
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noiseless 
Hamiltonian

Ideal Von Neumann master equation:

...

Ideal quantum circuits... on noisy computers

12Image credit: doi.org/10.48550/arXiv.1807.11636
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Different noise mechanisms affect differently different 
quantum systems
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Noise simulation: Reviewing common assumptions

How is noise usually simulated at the gate-level? 
- Random Pauli error 
- Quantum channel: 

- Decoherence
- Dephasing
- Erasure … 

Assumptions: 
- Noise is usually independent among qubits 
- Usually simulated after a perfect gate 

More complex picture: 
- Noise can be correlated, both in time and in space 
- The ideal operation (perfect gate) and noise may not be separable
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Noise simulation is crucial to understand what’s going on

Pulse-level noisy quantum circuits with QuTiP, B. Li, S. Ahmed, S. Saraogi, N. Lambert, F. Nori, A. 
Pitchford, N. Shammah, 
Quantum 6, 630 (2022) arXiv:2105.09902 

Tools like qutip-qip can help simulate noise, even at the pulse level compilation
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https://quantum-journal.org/papers/q-2022-01-24-630/
https://arxiv.org/abs/2105.09902


Pulse-level simulation of noisy QPU simulators

Pulse-level noisy quantum circuits with QuTiP, 
B. Li,, et al.. Quantum 6, 630, 2022
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Pulser: An open-source package for the design of 
pulse sequences in programmable neutral-atom arrays
H. Silvério, S. Grijalva, et al., Quantum 6, 629, 2022

queracomputing.github.io/Bloqade.jl 

https://quantum-journal.org/papers/q-2022-01-24-630/
https://quantum-journal.org/papers/q-2022-01-24-630/
https://queracomputing.github.io/Bloqade.jl/dev/


Noise simulation & characterization: dive into quantum software talks 
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Tools like qutip-qip, pyGSTi, Pulser are available: avoid to reinvent the wheel



Quantum computation by quantum evolution + operations & measurement

Quantum noise and classical noise can introduce errors 

Different quantum systems (“QPUs”) suffer from different noise sources

Different noise models can be employed and tools for characterization, eg. pyGSTi

Markovian master equation:

Noiseless 
Hamiltonian Noise operator

Noise scale factor 
[dimensionless real number]

Density
matrix

Noise affects the ideal quantum computation… with errors
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What to do with “high level” of noise in current devices?

23



● Introduction to noise in quantum computing
● Motivation & overview of quantum error mitigation
● More in-depth look: Zero-noise extrapolation
● SQMS, Open-source software, Unitary Fund & Mitiq
● Conclusions

Quantum Error Mitigation: Outline



● Introduction to noise in quantum computing
● Motivation & overview of quantum error mitigation
● More in-depth look: Zero-noise extrapolation
● SQMS, Open-source software, Unitary Fund & Mitiq
● Conclusions

Quantum Error Mitigation: Outline



Why error mitigation?
(Standard) Quantum Error Correction:

○ Encode logical qubits into many physical qubits
○ Intermediate measurements for syndrome detections
○ Correction operations based on the measured syndrome

Scalable but unfeasible with near-term quantum computers

Quantum Error Mitigation:
○ Perform multiple and different noisy quantum computations
○ Collect the results
○ Infer ideal expectation values from noisy data

Asymptotically unscalable but feasible with near-term quantum computers
26
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Error mitigation for universal gates on 
encoded qubits, C. Piveteau, et al., 
Phys Rev Lett. 2021 (arXiv:2103.04915)



Why error mitigation?
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Quantum 
Program

Expectation Value

Execute on 
backend

User Hardware 
(Simulator)

Typical workflow to run program on a  quantum computer
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Quantum 
ProgramQuantum 

Program

Quantum 
Program

Quantum 
ProgramQuantum 

Program
Noise scaled or 
probabilistically 

sampled circuits

Measurement 
results from noisy 
circuits

1. Generate programs

Error mitigated 
expectation value

Execute on 
backend

User Hardware (or Simulator)

2. Inference

Key features of most QEM techniques: quantum sampling 
and classical inference
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Quantum error mitigation: an emerging field

Relations to adjacent fields

Quantum error mitigation Quantum error correctionOpen quantum systems

Quantum characterization 
verification & validation 
(QCVV)

Variational quantum 
algorithms Quantum optimal control
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Quantum error mitigation: (Non-exhaustive) overview
Probabilistic Error Cancellation
& Quasi-Probabilistic Repr.ns

Clifford Data Regression, 
Learning-based & hybrid techn.sZero Noise Extrapolation

Symmetry-based Techniques Dynamical Decoupling & 
Randomized Compiling

31



Quantum error mitigation: (Non-exhaustive) overview
Probabilistic Error Cancellation
& Quasi-Probabilistic Repr.nsZero Noise Extrapolation

Key feature: Noise scaling Noisy gate-level representation

Symmetry-based Techniques

Ideal:

Noisy:

Learning-based Methods

Learn noise (ML), use Clifford circuits

Dynamical Decoupling & 
Randomized Compiling
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Quantum error mitigation: (Non-exhaustive) overview
Probabilistic Error Cancellation
& Quasi-Probabilistic Repr.ns Learning-based MethodsZero Noise Extrapolation

Symmetry-based Techniques Other research

Key feature: Noisy state re-projected Add gates to protect from ‘bad’ noise

Key feature: Noise scaling Noisy gate-level representation Learn noise (ML), use Clifford circuits

Ideal:

Noisy:

Mix of / specific approaches

Dynamical Decoupling & 
Randomized Compiling

Ideal

Noisy
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Key feature: Noise scaling Noisy gate-level representation

Key feature: Noisy state re-projected

Learning-based Methods

Dynamical Decoupling & 
Randomized Compiling Other research

Add gates to protect from ‘bad’ noise 

Learn noise (ML), use Clifford circuits

Mix of / specific approaches

34All references at: mitiq.readthedocs.io
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Quantum error mitigation: Useful add-on for benchmarking
Probable workflow for much of current & near-future research on NISQ devices

Choose 
best 
hardware 
spec fit

Problem of 
interest (e.g., 
Quantum 
simulation of 
quantum field 
theory)

Benchmark & compare

Publish, 
Open source code & data

Run on 
hardware
with 
quantum 
error 
mitigation 

Real-time dynamics of Plaquette Models using NISQ Hardware, E. Huffman et al. arxiv:2109.15065

Practical quantum computing holds clear promise in addressing problems not generally tractable with 
classical simulation techniques, and some key physically interesting applications are those of real-time 
dynamics in strongly coupled lattice gauge theories. In this article, we benchmark real-time 
dynamics of ℤ2 and U(1) gauge invariant plaquette models using superconducting-qubit based 
quantum IBM Q computers. We design quantum circuits for models of increasing complexity and 
measure physical observables such as the return probability to the initial state, and locally conserved 
charges. Even though the quantum hardware suffers from decoherence, we demonstrate the use of 
error mitigation techniques, such as circuit folding methods implemented via the Mitiq package, 
and show what they can achieve within the quantum volume restrictions for the IBM Q quantum 
computers. Our study provides insight into the choice of quantum hardware topologies, construction of 
circuits, and the utility of error mitigation methods to devise large-scale quantum computation strategies 
for lattice gauge theories.

Compile into 
quantum 
circuit (e.g., 
Trotterize)

35

https://arxiv.org/abs/2109.15065


Running programs on cloud quantum computers: QEM in practice 

Front end Quantum ComputerCloud service Back-end provider

● Qiskit
● Braket SDK
● Pyquil
● Q#
● Cirq
● …

● IBM-Q Experience
● AWS (Braket)
● Rigetti Cloud Services
● Azure Quantum
● IonQ Cloud
● …

● IBM-Q QPU
● Rigetti QPU
● IonQ QPU
● Quantinuum QPU
● …
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● Qiskit
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● Q#
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Low-level compile 
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“Advanced Feature”
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Noiseless evolution:             . 

Hardware dynamics:             .

Markovian master equation:

noiseless 
Hamiltonian noise operator

noise scale factor 
[dimensionless real number]

Noisy quantum evolution
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Noiseless evolution:             . 

Hardware dynamics:             .

Increase noise:             . 

Markovian master equation:

noiseless 
Hamiltonian noise operator

noise scale factor 
[dimensionless real number]

K. Temme, S. Bravyi, and J. M. Gambetta, 
“Error Mitigation for Short Depth Quantum Circuits,” 
Physical Review Letters,. 119, 180509 (2017)

Noisy quantum evolution
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Zero-noise extrapolation (ZNE): increasing noise… and back

Single-qubit depth d = 200 randomized 
benchmarking circuit on IBMQ Armonk

Zero-noise limit

1

Hardware
base noise

Markovian master equation:
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Noise scaling by pulse stretching

K. Temme, S. Bravyi, and J. M. Gambetta, “Error Mitigation for Short Depth Quantum 
Circuits,” Physical Review Letters,. 119, 180509,(017).

Markovian master equation:

noiseless 
Hamiltonian noise operator

noise scale factor 
[dimensionless real number]

Experimentally:

In practice, all the physical 
control pulses must be stretched

(          )(         )

A. Kandala, et al. “Error mitigation extends the computational reach of a noisy quantum processor” Nature 
567, 491 (2019)
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Zero-noise extrapolation (ZNE) by pulse stretching

46
A. Kandala, et al. “Error mitigation extends the computational 
reach of a noisy quantum processor” Nature 567, 491 (2019)



47
A. Kandala, et al. “Error mitigation extends the computational 
reach of a noisy quantum processor” Nature 567, 491 (2019)

Zero-noise extrapolation (ZNE) by pulse stretching



Overview of Mitiq

● Scope: providing a toolkit to easily apply different error mitigation techniques

● Compatible with many front-ends: Cirq, Qiskit, PyQuil, Braket, PennyLane, OpenQASM.

● Structurally designed to be backend independent. 

● Techniques: 
○ Zero Noise Extrapolation – mitiq.ZNE
○ Probabilistic Error Cancellation – mitiq.PEC
○ Clifford Data Regression – mitiq.CDR
○ Digital Dynamical Decoupling – mitiq.DDD 

48

mitiq.readthedocs.io
pip install mitiq

discord.unitary.fund #mitiq

Accepted in Quantum arxiv.org/abs/2009.04417 

https://mitiq.readthedocs.io/
https://mitiq.readthedocs.io/
https://arxiv.org/abs/2009.04417


Quantum Program

Expectation Value

Execute on 
backend

User Hardware 
(Simulator)

...

Typical workflow in quantum software 
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Mitiq: a thin layer between the user and the backend

Quantum Program

Error mitigated 
expectation

Execute on 
backend

MitiqUser Hardware 
(Simulator)
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Quantum 
ProgramQuantum 

Program

Quantum Program

Quantum 
ProgramQuantum 

Program
Noise scaled or 
probabilistically 
sampled circuits

Measurement 
results from noisy 
circuits

1. Generate programs

Error mitigated 
expectation value

Execute on 
backend

MitiqUser Hardware 
(Simulator)

mitiq.zne.scaling
mitiq.pec.sampling
mitiq.cdr.clifford_training_data
mitiq.ddd

mitiq.zne.inference
mitiq.pec
mitiq.cdr.data_regression

2. Inference

Mitiq: a thin layer between the user and the backend
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Noiseless evolution:             . 

Hardware dynamics:             .

Increase noise:             . 

Markovian master equation:

noiseless 
Hamiltonian noise operator

noise scale factor 
[dimensionless real number]

[1] K. Temme, S. Bravyi, and J. M. Gambetta, “Error Mitigation for Short Depth Quantum Circuits,” Physical Review Letters,. 119, 180509,(2017).

Noisy quantum evolution
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● Local folding

Analog and digital noise scaling methods for ZNE

T. Giurgica-Tiron, Y. Hindy, R. LaRose, A. Mari, W. J. Zeng, Digital zero noise extrapolation for quantum error mitigation, 2020 IEEE International Conference on  
Quantum Computing and Engineering (QCE) (2020).

● Global folding

● Pulse stretching

53

K. Temme, S. Bravyi, and J. M. Gambetta, “Error Mitigation for Short Depth Quantum Circuits,” Physical Review Letters, vol. 119, p. 180509, 11 2017.



Error mitigation increases the effective 
quantum volume of quantum computers, 

R. LaRose et al. arxiv:2203.05489

ZNE with Mitiq is used to improve results on hardware now

Real-time dynamics of Plaquette Models 
using NISQ Hardware, E. Huffman et al. 
arxiv:2109.15065

Exploring quantum error mitigation 
with Mitiq and Amazon Braket
aws.amazon.com/blogs/quantum-c
omputing

Mirror circuits on Rigetti 
(verbatim compilation)

Quantum field theory models Effective quantum volume increase
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https://arxiv.org/abs/2203.05489
https://arxiv.org/abs/2109.15065
https://aws.amazon.com/blogs/quantum-computing/exploring-quantum-error-mitigation-with-mitiq-and-amazon-braket/
https://aws.amazon.com/blogs/quantum-computing/exploring-quantum-error-mitigation-with-mitiq-and-amazon-braket/


Reducing the impact of time-correlated noise on ZNE

This is the first study testing the robustness and reliability of ZNE against correlated noise 
models. We perform a systematic survey with different noise scaling models.

Kevin Schultz, Ryan LaRose, Andrea Mari, Gregory Quiroz, Nathan Shammah, B. David Clader, William J. Zeng 
arXiv:2201.11792

Colored noise spectra Different noise-scaling methods

55

https://arxiv.org/abs/2201.11792


Example: noise scaling by global folding with Mitiq
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Example: Different extrapolation methods with Factories

mitiq.zne.inference
.

Experiment (2-qubit RB circuit):

R. LaRose, et al. “Mitiq: A software package for error 
mitigation on noisy quantum computers”, arXiv:2009.04417 to 
appear in Quantum (2022).
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Unitary Fund is a 501(c)(3) non-profit helping create a quantum 
technology ecosystem that benefits the most people.

Python toolkit for quantum error mitigation

Community-driven quantum computing benchmarks, metriq.info

54 microgrants ($4k, no strings attached + mentorship) to awardees
● 22 countries
● 16 publications 
● 30+ libraries w/ 1200+ stars, 50+ contributors, ~6k commits
● 2 startups, 1 non-profit

UF Microgrants

Focus of this talk
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The importance of benchmarking to test QEM technique 
effectiveness & characterize hardware

Workload
Quantum Computer

Apply QEM Technique Apply to Backend 

● ZNE
● PEC
● CDR
● Dynamical Decoupling
● …

● IBM-Q QPU
● Rigetti QPU
● IonQ QPU
● Quantinuum QPU
● …

● GHZ circuits
● Randomized 

Benchmarking circuits
● Mirror circuits
● Quantum volume circuits
● …

We could benefit from reproducible benchmarks, public/open-source 
(standard) datasets/codee, maintained QPUs



Community-driven quantum computing benchmarks, metriq.info
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Community-driven quantum computing benchmarks, metriq.info
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Unitary Fund is a 501(c)(3) non-profit helping create a quantum 
technology ecosystem that benefits the most people.

Quantum simulation and simulation of QC circuits and devices 
(qutip-qip). More than 700,000 downloads qutip.org 

Hackathon for open source quantum projects, over 30 participating 
projects, 66 bounties. unitaryhack.dev

Weekly community calls for OSS projects: Mitiq, QIR Alliance, QuTiP. 
Anyone can join. discord.unitary.fund 

64
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Unitary Fund Community

Advisory Board
15 volunteer experts in quantum systems & software from:

Awardees Community

60+ grantees 
23 countries

QuNetSim
To Stephen DiAdamo to develop the first 
full featured software stack for quantum 
network protocols.

66

Ambassadors



Unitary Fund Supporters & Collaborators

SupportersCollaborators
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Need to share software internally – 
efficiently, written with best practices – and 
will want to maximize the impact of its 
results have on the wider QIS community.

Researchers need to build 
some computational and 
simulation tools from the 
ground up and would benefit 
from tailored tools.

Maintaining OSS is hard, time consuming, and requires 
specific skills beyond research. The academic incentives are 
not yet aligned with this collaborative (vs. competitive) endeavor. 
Example: QuTiP.

Clear request from 
open-source community for 
Unitary Fund: Step-up the 
support of development of 
open source software.

SQMS Collaboration

QIS Ecosystem

Great open source software tools accelerate SQMS research

The SQMS collaboration is 
pioneering several new paths in 
QIS, such as multi-mode 
superconducting cavities. 

In the Quantum Information 
Science ecosystem, open-source 
software (OSS) for science plays a 
major role.
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Conclusions

72

- Quantum error mitigation (QEM) can improve the performance of quantum programs now

- Quantum error mitigation will be a critical component in benchmarking for years to come 

- Very dynamic space borrowing concepts from adjacent fields & testing new ideas 

- A continuous bridge between QEM and quantum error correction, NISQ & beyond

- Cutting-edge QEM techniques need to be available to non-experts for fair benchmarks

- Mitiq is an open source software (OSS) with state-of-the-art QEM techniques 

- Unitary Fund (SQMS) is supporting the growth of a quantum OSS ecosystem



Join the Unitary Fund & Mitiq community online
discord.unitary.fund Weekly community calls: 
Mitiq Community Call: Fridays, 6pm CET / 12pm ET / 9am PT 
Quantum Group Meeting: Wednesdays, 6:30pm CET/12:30pm ET
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Nathan Shammah 
nathan@unitary.fund
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Appendix
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Running programs on quantum computers (or simulators)

Quantum Circuit

Quantum program

(e.g., VQA: Hybrid CC/QC)

Quantum Computer

Bitstrings
Run 1: 01011101010010……
Run 2: 01011101010010……



Running programs on quantum computers (or simulators)

Front end Quantum ComputerCloud service

Compiler

Execute on Device

(Local simulation)

(Private API to the 
lab/testbed)

Back-end provider
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Probabilistic Error Cancellation

Unfortunately, we cannot apply an 
ideal gate with a NISQ device, 
but...
we can represent it as a linear 
combination of noisy gates!

Quasi-probability
(can have negative values)

Implementable
noisy gates

Ideal expectation value Observable

Ideal quantum circuit

Initial state

Ideal gates (local unitary operations)

Typical step of many quantum algorithms: estimating expectation values.

K. Temme, S. Bravyi, and J. M. Gambetta, “Error Mitigation for Short Depth Quantum Circuits,” Phys. Rev. Lett. 119, 180509 (2017). 78



Probabilistic Error Cancellation workflow with Mitiq
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Probabilistic Error Cancellation with Mitiq

Defining mitiq.OperationRepresentation objects:
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Beyond expectation values: analysis of raw data
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Probabilistic Error Cancellation with Mitiq



(Variable-noise) Clifford Data Regression workflow with Mitiq
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Digital Dynamical Decoupling workflow in Mitiq
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Clifford Data Regression

P. Czarnik, A. Arrasmith, P. J. Coles, L. Cincio, “Error mitigation with Clifford quantum-circuit data”, arXiv:2005.10189, (2020).
A. Lowe, M. Hunter Gordon, P. Czarnik, A. Arrasmith, P. J. Coles, . Cincio, “Unified approach to data-driven quantum error mitigation”, Phys. Rev. Research 3, 033098 (2021) 84



Digital Dynamical Decoupling in Mitiq
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Reducing the impact of time-correlated noise on ZNE

This is the first study testing the robustness and reliability of ZNE against correlated noise 
models. We perform a systematic survey with different noise scaling models.

Kevin Schultz, Ryan LaRose, Andrea Mari, Gregory Quiroz, Nathan Shammah, B. David Clader, William J. Zeng 
arXiv:2201.11792

Colored noise spectra Different noise-scaling methods
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https://arxiv.org/abs/2201.11792


ZNE in a general framework

A. Mari, N. Shammah, and W. J. Zeng, Phys. Rev. A 104, 052607 (2021). arXiv:2108.02237 

Zero Noise Extrapolation
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https://arxiv.org/abs/2108.02237


A. Mari, N. Shammah, and W. J. Zeng, Phys. Rev. A 104, 052607 (2021). arXiv:2108.02237 
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PEC in a general framework
Probabilistic Error Cancellation

https://arxiv.org/abs/2108.02237


NEPEC: a general framework for error mitigation

A. Mari, N. Shammah, and W. J. Zeng, Phys. Rev. A 104, 052607 (2021). arXiv:2108.02237 

Noise-extended Probabilistic Error Cancellation (NEPEC)
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https://arxiv.org/abs/2108.02237


Implementation in Mitiq

NEPEC: a general framework for error mitigation

NEPEC quasi-probability representation

Ideal gate

Set of implementable operations 
extended by noise scalingGate index 

(PEC-like)
Noise scale factor 
(ZNE-like)

A. Mari, N. Shammah, and W. J. Zeng, Phys. Rev. A 104, 052607 (2021). arXiv:2108.02237 

Noise-extended Probabilistic Error Cancellation (NEPEC)
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https://arxiv.org/abs/2108.02237


Research idea

Implementation in Mitiq

Implementation with Mitiq     (for mode details: https://github.com/unitaryfund/research/nepec/ )

Applying NEPEC with Mitiq
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https://github.com/unitaryfund/research/blob/main/nepec/


NEPEC: Results of different NEPEC techniques

Noise-agnostic PEC Virtual noise scaling

A. Mari, N. Shammah, and W. J. Zeng, Phys. Rev. A 104, 052607 (2021). arXiv:2108.02237 
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https://arxiv.org/abs/2108.02237


Microgrants: Funded software accelerate research

PyZX: compress quantum programs efficiently with ZX calculus

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.041030

Example of a PRX paper by other authors using PyZX to accelerate their research

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.041030



