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https://github.com/nathanshammah/make-your-code-count

Open-source software tools in quantum science: Seminar 1
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Non-profit helping create a quantum technology ecosystem faster, better, and to benefit everyone.

Our supporters Our partners

https://unitary.fund/

https://unitary.fund/


Unitary Fund Team

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

Community

Will Zeng, PhD
President. Head of Quantum 
Research at Goldman Sachs. 
Fmr. product/sw lead at Rigetti. 
Oxford quantum algorithms PhD.

Nathan Shammah, PhD
CTO. Lead developer at QuTiP. 
Visiting scientist at RIKEN. PhD in 
quantum physics from Univ. of 
Southampton.

Sarah Kaiser, PhD
Community Manager. Co-founder 
of Q# Community, Microsoft MVP, 
activist for open source and 
diversity in quantum. UWaterloo 
PhD in quantum computing.

Andrea Mari, PhD
> 40 peer reviewed scientific 
publications. Contributor to 
Pennylane. Fmr. researcher at 
Xanadu. Univ. of Postdam PhD in 
quantum information.

Ryan LaRose
NASA Fellowship PhD student 
at University of Michigan. Fmr 
at Alphabet X. Wrote first paper 
benchmarking quantum 
software packages.

60+ grantees 
21 countries

Team

Full-time Part-time
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Dan Strano
Full stack web engineer. Lead 
developer on the qrack 
quantum simulator.

Vincent Russo, PhD
Post-quantum security 
developer at ISARA. Lead dev 
on toqito quantum info package. 
PhD from UWaterloo.



Unitary Fund Programs
Microgrant Program
- $4k rapid grants for: ecosystem development, 
workforce development, community building, open 
source tech and software

Unitary Labs
- Open source research team
- Targeting impactful and open niches that aren’t 
monetizable by companies

7

47 grants in 21 countries;
10+ publications;
30+ libraries with 1167 
stars, 50+ contributors and 
~6k commits 
Helped 12 folks get  into 
quantum tech full time

2 new startups, 1 new 
non-profit



QuTiP: The Quantum Physics Simulator
The Quantum Toolbox in Python
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Full Power of Python Classes 

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

→ EPFL

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


https://github.com/nathanshammah/interactive-notebooks
github.com/qutip

https://github.com/nathanshammah/interactive-notebooks


QuTiP: The Quantum Toolbox in Python
About QuTiP

● Noisy Dynamics: Master equation solvers
● Correlation functions (quantum regression formula)
● Modularity: Permutational invariant quantum 

solver
                    Hierarchical equations of motion
                    Waveguide photon scattering
                    Topological quantum circuits

Advanced mathematical techniques

The mathematics of quantum mechanics
• Complex number matrices
• Non-commutative algebras
• Operators and superoperators
• Intuitive Python classes: QObj 
                  Results

Field-specific intuitive framework

QuTiP is a free and open source library for efficient simulation of a wide variety of quantum systems.

• Fast complex-complex matrix-vector multiplication with SSE3 
intrinsics. 

• Multiprocessing: Enhanced parallel performance with OPENMP

• Sparse Matrices: Fast CSR (Compressed Sparse Row) matrix class. 
• Up to 100x improvement: in CSR adjoint & transpose

               in Hermitian verification, Krönecker product
               in partial trace calculation

Efficient numerical calculations

More info at http://qutip.org/

http://qutip.org/


QuTiP: Project Governance

Board: Daniel Burgarth, Anton Frisk Kockum, Robert Johansson, Franco Nori, Will Zeng

https://github.com/qutip/governance

Admin Team



QuTiP: Empowering scientific research
The Quantum Toolbox in Python

Experimental Research

High-fidelity control and entanglement 

of Rydberg atom qubits 

H. Levine, […] and M.D. Lukin Phys. Rev. Lett (2018)

arXiv:1806.04682v1 [quant-ph] 12 Jun 2018

Phonon-mediated quantum state transfer 

and remote qubit entanglement

A. Bienfait, […] and A.N. Cleland, Science 10, 1126 (2019) 

arXiv:1903.05672 [quant-ph] 13 Mar 2019



QuTiP: Impact and Recent Updates

- Over 13,000 downloads per month from PyPI the Python Index 
Package only (pip install qutip) and more than 350,000 
overall from the Conda Forge channel by Anaconda (conda 
install qutip). 

- As of June 2021, 7076 commits, in over 13 version releases by 
over 96 contributors.

- The two QuTiP papers have over 1500 citations (Google Scholar).
-
- The QuTiP admin team is now formed of eight maintainers 

meeting monthly. 
- Three ongoing Google Summer of Code projects: 

- 1. QuTiP-CuPy: GPU integration (Felipe). 
- 2. QuTiP-Tensorflow data back-end (Asier). 
- 3. Universal decomposition of quantum gates (Purva).















Quantum circuit simulation with qutip-qip
Installation: pip install qutip-qip

Documentation: qutip-qip.readthedocs.io

LaTeX rendering powered by QCircuit

http://qutip-qip.readthedocs.io/


Pulse-level noisy quantum circuits with qutip-qip



Realistic and flexible simulation of noisy quantum 
processors. 
- Reproducing experimental results on 

crosstalk noise in an ion-based processor.

- Demonstrating the simulation of noisy 
quantum circuits on different hardware 
platforms with various native gate sets.

- Multiple  types of model processors and 
noise models and solvers in QuTiP can be 
simulated. 

- Integration with OpenQASM standard.

Pulse-level noisy quantum circuits with qutip-qip

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

Pulse-level noisy quantum circuits with qutip-qip

https://arxiv.org/abs/2105.09902


Pulse-level noisy quantum circuits with qutip-qip

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

https://arxiv.org/abs/2105.09902


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

Pulse-level noisy quantum circuits with qutip-qip

https://arxiv.org/abs/2105.09902


Overview of Mitiq

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

● Compatible with many existing quantum software libraries: Cirq, Qiskit, PyQuil, Braket.

● Structurally designed to be backend independent. 

38



$ pip install mitiq

(version 0.9.1)

Development Testing Continuous Integration DocumentationResearch

T. Giurgica-Tiron et al., 
arXiv:2005.10921

R. LaRose et al., 
arXiv:2009.04417

Tutorials for any back-end

Sphinx.Doctest: >80 tests

Github Actions

OS: Linux (ubuntu)
Mac
Windows

March-September 2020

Releasing: GitHub
PyPI 

98% of lines

TestPyPI

Mitiq uses the best practices of scientific software development

White paper
https://arxiv.org/abs/2009.04417

mitiq.readthedocs.ioDocumentation
https://mitiq.readthedocs.iohttps://github.com/unitaryfund/mitiq

https://arxiv.org/abs/2009.04417
https://arxiv.org/abs/2009.04417
https://github.com/unitaryfund/mitiq


Mitiq: Open development
Weekly Engineering Meeting: Community Call

Streamed at 12pm-12:40pm EDT at 
discord.unitary.fund

Over 20 external contributors on 
GitHub, also thanks to the UnitaryHACK 
hackathon (May 14th – 30th, 2021)

Over 19 developers beyond Unitary Fund! More than 10,000 downloads from the Python Package Index. 40



noiseless 
Hamiltonian

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

Ideal Von Neumann master equation:

Ideal quantum circuits



noiseless 
Hamiltonian

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

Ideal Von Neumann master equation:

...

Ideal quantum circuits... on noisy computers



Execute

User Hardware 
(Simulator)

...

Typical workflow in quantum software 
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Quantum 
program

Noisy expectation 
value



Mitiq: a thin layer between the user and the backend
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Quantum 
program

Error mitigated 
expectation value

Execute

MitiqUser Hardware 
(Simulator)



Quantum 
ProgramQuantum 

Program

Quantum 
program

Quantum 
ProgramQuantum 

Program  Intermediate
  programs

  Noisy results

1. Generate programs

Error mitigated 
expectation value

Execute

MitiqUser Hardware 
(Simulator)

mitiq.zne.scaling
mitiq.pec.sampling
mitiq.cdr.training

mitiq.zne.inference
mitiq.pec
mitiq.cdr.regression

2. Inference

Mitiq: a thin layer between the user and the backend
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Mitiq code tree (simplified)
Zero-noise extrapolation

Probabilistic error cancellation

Clifford data regression



Quantum 
ProgramQuantum 

Program

Quantum
program

Quantum 
ProgramQuantum 

ProgramNoise scaled 
circuits

Noisy results

1. Generate programs

Error mitigated 
expectation value

Execute

MitiqUser Hardware 
(Simulator)

mitiq.zne.scaling

mitiq.zne.inference2. Inference

Zero-noise extrapolation workflow with Mitiq
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Noiseless evolution:             . 

Hardware dynamics:             .

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



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



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:



Noise scaling [1]

[1] 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 [2]

(          )(         )

[2] A. Kandala, K. Temme, A.D. Córcoles, A. Mezzacapo, J.M. Chow, and J.M. Gambetta, 
“Error mitigation extends the computational reach of a noisy quantum processor” Nature 567, 491 (2019)



Zero-noise 
extrapolation

Two main requirements:

● Noise scaling: Some means of increasing (scaling) noise.

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

● Inference method: a model that one can fit to the 
measured data to extrapolate to the zero-noise limit.

1

Hardware
base noise

Zero-noise limit

52
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).

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



● Local folding

Analog and digital noise scaling methods

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



Example: noise scaling by global folding with Mitiq
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Example: using different extrapolation methods in Mitiq with Factories

mitiq.zne.inference
.

Experiment (2-qubit RB circuit):

R. LaRose, A. Mari, P. J. Karalekas, N. Shammah, W. J. Zeng,
“Mitiq: A software package for error mitigation on noisy 
quantum computers”, arXiv:2009.04417 (2020).
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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,” Physical Review Letters, vol. 119, p. 180509, 11 2017. 56

we get:

We can express the ideal result as a linear 
combination of noisy results! One estimates the 
sum by probabilistically sampling and 
measuring only a subset of all the terms.

Replacing



Quantum 
ProgramQuantum 

Program

Quantum
program

Quantum 
ProgramQuantum 

ProgramProbabilistically 
sampled circuits

  Noisy results

1. Generate programs

Error mitigated 
expectation value

Execute

MitiqUser Hardware 
(Simulator)

mitiq.pec.sampling

mitiq.pec2. Inference

Probabilistic Error Cancellation workflow with Mitiq
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Probabilistic Error Cancellation with Mitiq
Define the circuit of interest

Define an executor (a black box function to get noisy expectation values)
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Probabilistic Error Cancellation with Mitiq

Using the mitiq.pec.representations sub-module:

59



Probabilistic Error Cancellation with Mitiq
Beyond expectation values: analysis of raw data
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Thank you!
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discord.unitary.fund

nathan@unitary.fund


