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Have you used 

a quantum computer?

Image: Freepik
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Big picture

   Quantum computers status

   Why error mitigation?

      Noise in quantum computers

      Overview of error mitigation

Mitigation fundamentals
  

   Probabilistic error cancelation (PEC)

      Introduction

      One qubit example

Quantum Noise and Error Mitigation 

Lecture 1

road based on: freepik; Monster image by jcomp on Freepik

Next lecture
  

Learning noise 

State-of-art mitigation experiments

Hardware

Outlook
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Slides from lecture
 See school slack

 Will also post here zlatko-minev.com/education

 

Related
 Lectures qiskit.org/learn 

 Tutorials zlatko-minev.com/blog

 (Twirling, Measurements, Walsh-Hadamard, …) 

Weekly seminars
qiskit.org/events/seminar-series 

Where? 

http://www.zlatko-minev.com/education
https://qiskit.org/learn
https://www.zlatko-minev.com/blog
https://qiskit.org/events/seminar-series


Zlatko Minev, IBM Quantum (5)

...

...

.
.

Spin cartoon based on: 

Samuel Velasco/Quanta Magazine

Feynman Image: The Nobel Foundation

How is it going for 

quantum computers?
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This year 2023

A 127-qubit quantum 

computer installed in 

the the lobby cafeteria 

of a research building 

dutifully executing jobs 

almost all the time.

at Cleveland Clinic
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https://www.flaticon.com/free-icon/magic-ball_867891?term=crystal+ball&page=1&position=19&origin=search&related_id=867891
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Back to today …
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Example task: 

Simulate the out-of-

equilibrium quantum 

dynamics of a 2D spin chain 

lattice to find the evolution 

of the global and local 

magnetization.

Example: Quantum simulation
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Quantum simulation on a quantum computer
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Quantum simulation on a quantum computer

Execute on a real quantum computer device and obtain results as classical data

010100...
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Biggest challenge?

Please do share
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Biggest challenge?

Noise 

(Errors)

hype

engineering

algo 
development

gravity

hardware 
development

high error rates

need CS/EE 
talent 

heat

decoherence

error correction 
overheads

loss

material 
quality

modularization

expectations

stability

scalability

importance of 
N in NISQ
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Biggest challenge

Noise 

(Errors)
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Hello World with a real experiment!

image: qiskit

A qubit

Introduction to superconducting 
qubits (cQED)

Lecs. 16-21 Minev
QGSS 2020 at qiskit.org/learn
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X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

Hello World!  building blocks

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

A qubit
Computational 

basis states<latexit sha1_base64="ug1GfqqR7gG80J3KTIkzfFZxyMs=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvb </latexit>

|0i

<latexit sha1_base64="0Dg1d8zbFG8+LiAe+WBJ+IyLEhA=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvbRg00402mIqV329TwSEjetMJGfDfRnMbtiO+0++sO3zng2ggl39thwlsx7UrREYxaDG0HfW6hvr+47Nf83GDaqY+c5Vc/f3+5+2Prz+b+0pwMQsUGMZeWRdSYvbqf2FZKtRUs4pkXDAxPKOvTLt9DV9KYm1aa082gjJEQOkrjKy3k0dMVKY2NGcZtzIyp7ZlJzAXPxJLe </latexit>

|1i

Operations: qubit gate

X

<latexit sha1_base64="LucYQ4Cc5JxRNN7KIsv72OOWeeo="></latexit>

Measurements: qubit observable

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>
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X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

Hello World! Even-odd algo: qubit flipper

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

Task: Classify or report if a classical positive 

integer d is even or odd. 

flip spin d times, measure polarization
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Hello World! qubit flipper quantum circuits

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>
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Hello World!  “debugger” step through

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>

h1|Z|1i = �1

<latexit sha1_base64="2x6qD8/8U7VNirzOh2JtabHsanI=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCF8OMKEpACHjQYwSzYDIMPZ1O0qRnobsnMAzzDXr3qr/gTbz6C/6Bn2FnOZjEBwWP96qoqudFnEllWd9GbmV1bX0jv1nY2t7ZLZp7+w0ZxoLQOgl5KFoelpSzgNYVU5y2IkGx73Ha9IY3Y785okKyMHhQSUQdH/cD1mMEKy25ZrFDR+ljltoZukanNnLNklW2JkDLxJ6RUjXnPt1a1UrNNX863ZDEPg0U4VjKtm1FykmxUIxwmhU6saQRJkPcp21NA+xT6aSTwzN0rJUu6oVCV6DQRP07kWJfysT3dKeP1UAuemPxXy8aJJIRmaH5/ap35aQsiGJFAzJd34s5UiEaZ4O6TFCieKIJJoLpDxAZYIGJ0gkWdDT2YhDLpHFWts/LF/c6owpMkYdDOIITsOESqnAHNagDgRhe4BXejGfj3fgwPqetOWM2cwBzML5+AdvrnSk=</latexit>

Measurement

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>



Zlatko Minev, IBM Quantum (22)

Hello World!  “debugger” step through

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|0i
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Hello World!  Ideal expectation results
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IdealhZi = (�1)d
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Hello World!  Ideal expectation results
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Let’s run on a real device!
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Hello World!  Running ….
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Hello World!  Real expectation results
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Real & noisy quantum processors: Why study noise?

X
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“Quantum phenomena
  do not occur in a Hilbert space, 
  they occur in a laboratory.”

Asher Peres
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Real

Elements of     noise

projection
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How to deal with errors due to noise?

Monitor
Error anticipated

Tell signal detected

No monitor
Error occurs

Error undetected

Minev, Nature (2019), ... ... subject of today

Catch and reverse

Monitor
Error occurs
Error detect

Quantum error correction

Shor, PRA (1995), ...

Error mitigation
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Quantum simulation on a noisy quantum computer

Execute on a real quantum computer device and obtain results as classical data

010100...
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Quantum error mitigation overview

Execute on a real quantum computer device and obtain results as classical data

010100...
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Error mitigation and error correction

Error mitigation: working with what you have

• benefit suppress errors on classical results (expectation values)

• q-cost            no extra qubits or hardware resources needed

• c-cost            trades classical resources (post-processing) for lower error 

• limitation bad asymptotic scaling: high number of samples & circuits

Error correction: protecting quantum 
information

• benefit     suppress & correct errors to arbitrarily small level

• q-cost     very large qubit and hardware overhead

• c-cost     decoding and encoding can be classically costly

• challenge     requires fault-tolerant operations and readout 
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Error mitigation landscape

more 

speed

more information, 

accuracy 

Photos courtesy of Y. Liu
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Error mitigation landscape

35
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Nature 567, 491 (2019)

Zero-noise extrapolation (ZNE) Probabilistic error cancelation (PEC)
<latexit sha1_base64="13nwGo/oeznEqQ8NdIHk80Xpq4E="></latexit>
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Error mitigation landscape

36
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Nature 567, 491 (2019)

Zero-noise extrapolation (ZNE) Probabilistic error cancelation (PEC)
<latexit sha1_base64="13nwGo/oeznEqQ8NdIHk80Xpq4E="></latexit>
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IBM Qiskit
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Adoption of error mitigation

Papers involving error mitigation over time Examples
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Is science with noisy devices of 
broad interest today?
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Some of these ideas covered 

in other lectures at the 

school
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Deep dive: 

Probabilistic error cancellation (PEC) 

To learn and cancel quantum noise

Ewout van den Berg,  Zlatko K. Minev,  Abhinav Kandala,  Kristan Temme
Nature Physics (2023)

Got Slides?
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Cancel quantum noise

Icon: Flaticon
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High-level message

Learn
accurate, efficient, scalable

Cancel
noise with noise,

practical

Cost
more noise more cost

Icon: Flaticon
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Idea
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Ideal (noise-free) quantum circuit

A circuit can be decomposed into a layer construction
Example: Trotterization of Ising model simulation

<latexit sha1_base64="RrcPuQ4Cx5oBm//S4ijIsPpqbzk="></latexit>
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ideal multi-qubit unitary
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Real (noisy) quantum circuit

<latexit sha1_base64="LeS3JIY7QOa4T821gtNWLSZV/F8="></latexit>
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multi-qubit noise channel
inseparable from gate

completely positive and trace preserving (CPTP)
representable by a 4n x 4n matrix



Zlatko Minev, IBM Quantum (46)

Why not invert noise?

inverse operation of noise channel

<latexit sha1_base64="13nwGo/oeznEqQ8NdIHk80Xpq4E="></latexit>

· · ·

· · ·

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

· · ·

Q1

Λ
−1

1
Λ1 U1 Λ

−1

2
Λ2 U2 Λ

−1

l
Λl Ul

Q2

Qn

unphysical
would need to know lost information due to noise
non CPTP map
has negative eigenvalues 
...

Not possible?
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Probabilistic error cancelation

inverse operation of noise channel

<latexit sha1_base64="13nwGo/oeznEqQ8NdIHk80Xpq4E="></latexit>

· · ·

· · ·

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

· · ·

Q1

Λ
−1

1
Λ1 U1 Λ

−1

2
Λ2 U2 Λ

−1

l
Λl Ul

Q2

Qn

K. Temme, S. Bravyi, and J. M. Gambetta

PRL 119, 180509 (2017)

implement on average

See also S. Endo, S. Benjamin, and Y. Li

Phys. Rev. X 8, 031027 (2018)
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Toy model

<latexit sha1_base64="UyKMToc/fL1hl930GqTdF882do0="></latexit>

Q1 U1
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Toy model: noise unraveling into quantum trajectories
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Q1 I
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Q1 Λ I

bit-flip noise

probability  1-p
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Q1 I I
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Q1 X I

=

probability  p

unraveling 

(quantum trajectories)
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Λ (ρ) = (1− p)IρI + pXρX
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Toy model: noise unraveling into quantum trajectories
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ρ
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Λ(ρ)

contraction

  loss of information

    reduced purity 

      eigenvalues > 0

Bloch sphere

X is eigenvector 

of map
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Inverse of noise map is not physical
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Λ(ρ)

contraction

  loss of information

    reduced purity 

      eigenvalues > 0

dilation

information gain   

    increase purity       

      eigenvalues < 0         
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Λ
−1 (ρ) =?
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Inverse of noise map is not physical
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ansatz
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I
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X

probability  1-q

probability  q

ravel quantum 

trajectory



Zlatko Minev, IBM Quantum (53)

Blackboard derivation
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Blackboard derivation
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Blackboard derivation
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Blackboard derivation
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Blackboard derivation
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Blackboard derivation
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Blackboard
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Blackboard
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Raveling quantum trajectories to undo noise
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Q1 Λ
−1 Λ I
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+

No error
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Solution to noise free!
<latexit sha1_base64="hwkA5NAbDarIxD1dKU09q/EuK3M="></latexit>

q =
−p

1− 2p

Raveling quantum trajectories to undo noise
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Q1 Λ
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Q1 I I I

Q1 I X I

Q1 X I I

Q1 X X I
=

+

+

+

probability

(1-q) (1-p)

(1-q) p

q (1-p)

q p

Sign & scale: 

quasi-probability
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ERROR!

ERROR!
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No error
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<latexit sha1_base64="e0Za2kOJMt/kEAsmggW+p9AZl5E="></latexit>

Q1 X Λ I ×sX
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Q1 I Λ I ×sI

How to implement?
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Q1 Λ
−1 Λ I

=

+

probability

P
I
 = |1-q|/γ

s
X
 = sign(q)

s
I
 = sign(1-q)

P
X
 = |q|/γ

sampling overhead 

γ = |1-q| + |q|
<latexit sha1_base64="pfSKm3MzePhMn3ItD0xQ+M6WPro="></latexit>
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random circuits

(quantum trajectories)

mitigated expectation
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MI
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MX

Gain: Bias-free estimate!

Cost: Variance

P
I
 + P

X 
= 1
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hMi = γ
�

sIPIMI + sXPXMX

�
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Canceling noise with noise
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+
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P(1 step right) = ½-qP(1 step left) = ½+q

add 2nd random process

wind blows

Gain: Bias-free estimate!

Cost: Variance

Canceling noise with noise: Drunkard’s classical random walk analogy

P(1 step right) = ½+pP(1 step left) = ½-p

Random step
Distribution of random walk

t = 0

t > 0

x

Image: A. Brand

Distribution of random walk with wind

t > 0

cancel: q = -p
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