
• IBM Quantum Summer Learning Session

Introduction to real 

quantum computers 

(and noise)

Zlatko K. Minev

IBM Quantum

zlatko-minev.com/blog

@zlatko_minev



Zlatko Minev, IBM Quantum (2)

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
 Posted here zlatko-minev.com/education

 Tutorials /blog

 

See
 IBM Learning

 learning.quantum.ibm.com 

Weekly seminars
 qiskit YouTube

Where? 

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

Hello World!  building blocks

A qubit
Computational 

basis states

Operations: qubit gate Measurements: qubit observable
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refresher: 

Hello World! Even-odd algo: qubit flipper

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: 
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Hello World!  “debugger” step through

refresher: 

Measurement
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Hello World!  “debugger” step through

refresher: 

Measurement

where d is the circuit depth
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Hello World!  Ideal expectation results
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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

Real data!?!! 
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Real & noisy quantum processors: Why study noise?

Cartoon: Paul Noth

  



Zlatko Minev, IBM Quantum (31)

“Quantum phenomena
  do not occur in a Hilbert space, 

  they occur in a laboratory.”

Asher Peres



Zlatko Minev, IBM Quantum (32)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●●

●
●
●●●

●

●
●
●

●

0 20 40 60 80 100
- 1.0

- 0.5

0.0

0.5

1.0

Circuit depth d

M
ea

su
re

d
<

Z
>

Real

Elements of     noise

projection

coherent

incoherent
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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
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Quantum error mitigation overview

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



Zlatko Minev, IBM Quantum (37)

Error mitigation landscape

more 

speed

more information, 

accuracy 

Photos courtesy of Y. Liu
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Error mitigation landscape

38

𝐹 2௣
𝐹 ௣
𝐹 ௜ௗ௘௔௟

Nature 567, 491 (2019)

Zero-noise extrapolation (ZNE) Probabilistic error cancelation (PEC)

...

This talk

more 

speed

more information, 

accuracy 
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Error mitigation landscape

39

𝐹 2௣
𝐹 ௣
𝐹 ௜ௗ௘௔௟

Nature 567, 491 (2019)

Zero-noise extrapolation (ZNE) Probabilistic error cancelation (PEC)

...

This talk

more 

speed

more information, 

accuracy 

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

ideal multi-qubit unitary
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Real (noisy) quantum circuit

multi-qubit noise channel
inseparable from gate

completely positive and trace preserving (CPTP)
representable by a 4n x 4n matrix
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Why not invert noise?

inverse operation of noise channel
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

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
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Toy model: noise unraveling into quantum trajectories

bit-flip noise

probability  1-p

=

probability  p

unraveling 

(quantum trajectories)
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Toy model: noise unraveling into quantum trajectories

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

contraction

  loss of information

    reduced purity 

      eigenvalues > 0

dilation

information gain   

    increase purity       

      eigenvalues < 0         
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Inverse of noise map is not physical

=

+

ansatz

probability  1-q

probability  q

ravel quantum 

trajectory
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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 derivation
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Blackboard
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Blackboard
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Raveling quantum trajectories to undo noise

=

probability

(1-q) (1-p)

+
No error
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Solution to noise free!

Raveling quantum trajectories to undo noise

=

+

+

+

probability

(1-q) (1-p)

(1-q) p

q (1-p)

q p

Sign & scale: 

quasi-probability

p

q

ERROR!

ERROR!

Error 

CANCELED!

No error
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How to implement?

=

+

probability

PI = |1-q|/γ

sX = sign(q)

sI = sign(1-q)

PX = |q|/γ

sampling overhead 

γ = |1-q| + |q|

p

γ

random circuits

(quantum trajectories)

mitigated expectation

Gain: Bias-free estimate!

Cost: Variance

PI + PX = 1
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Canceling noise with noise

=

+
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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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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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Noise tomogram for 
127Q Trotter layer

Same number of 

learning circuits 

as for 4Q 
0 10

Zlatko Minev, IBM Quantum
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Scaling and error budget
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Error

503224168421

PEC on 50 qubit observables

Without PEC

With PEC

Weight of mitigated observable
See research.ibm.com/blog/gammabar-for-quantum-advantage 

50Q
2 layers of 
cNOT gates

Z stabilizers of increasing weight

...
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Path to 100+ qubits?

See also on speed: A. Wack, et al., Quality, speed, and scale: three key attributes to measure the 

performance of near-term quantum computers (2021).

Estimating 
PEC overhead 

for Trotter 
circuits 
comprising 

100 qubits

1 day of runtime 
(at 1 kHz)
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Path to quantum computing

Noise-free estimators can be obtained from noisy quantum computers 
TODAY, at a runtime cost that is exponential in number of qubits n and 
circuit depth d

 is a measure of the time per circuit layer 
   operation (CLOPS) (increase by pushing speed)

n is the number of operational qubits 

   (increase by pushing scale)

d is the depth of the quantum circuit

Runtime = β d  (  ) n d seconds
_

 is a measure of the collective quantum noise 
   (increasing quality brings it closer to 1)

_

https://research.ibm.com/blog/gammabar-for-quantum-advantage

You can further reduce runtime using light 

cones and other strategies.
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Path to utility of quantum computers before error correction

https://qiskit.org/documentation/partners/qiskit_ibm_runtime/tutorials/Error-Suppression-and-Error-Mitigation.html 

We need improvements in

scale, quality, and speed.

We want to 

get here 

https://qiskit.org/documentation/partners/qiskit_ibm_runtime/tutorials/Error-Suppression-and-Error-Mitigation.html
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PEC + ZNE for 127 qubits

Kim, Eddins, Anand, et al. Nature (2023)

arXiv:2306.17839 
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4 qubits x 4 gate layers

one gate layer
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[0] Kim, Eddins, …, Temme, Kandala.

      Nature 618, 500–505 (2023)

[1]  Yu, Zhao, Wei.

       arXiv: 2207.09994 (2022)

[2] Shtanko, Wang, Zhang, Harle, Seif, 

      Movassagh, Minev.  

      arXiv: 2307.07552 (2023)

[3] Farrell,  Illa,  Ciavarella,  Savage.

      arXiv: 2308.04481 (2023)

[4] Bäumer,  Tripathi,  .... Seif,  

      Minev.               APS Y45.4

      arXiv: 2308.13065 (2023)

[5] Chen, Zhu, Verresen, Seif, 

      Baümer, ... Trebst, Kandala.  

      arXiv: 2309.02863 (2023)   APS N51.13

[6] Liao,  Wang,  Sitdikov,  Salcedo,  Seif,   

      Minev.  

      arXiv: 2308.13065 (2023)

…
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[2]  Uncovering 

integrability 

MBL/LIOMs

Easier

Some early utility-scale 

experiments Harder
[4] Dynamic 

circutis
[6] ML-QEM

* signal stops or decays more than 50% beyond this depth, capped at 140

* note: quantum advantage with shallow circuits, Bravyi, Gosset, Konig, and related

Utility paper 

[0]

[5] Nishimori 

cat

[3] Ground 

state

[1] Spin 

chain
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Check out related utility-scale work

Efficient Long-Range Entanglement 
using Dynamic Circuits (invited)

arXiv:2308.13065 (2023)

Bäumer,  Tripathi,  Wang,  Rall,  Chen,  Majumder,  Seif,  Minev

Learning about Quantum Noise at Scale

Machine Learning for 
Practical Quantum Error Mitigation (ML-QEM)

arXiv:2308.13065 (2023)

Liao,  Wang,  Sitdikov,  Salcedo,  Seif,  Minev

Seif, Liao, Majumder, Chen, Wang, Bäumer, Malekakhlagh, 

Javadi-Abhari, Jiang, Minev

100 qubits

arXiv:2402.17911 (2024)

Hu, Gu, Majumder, Ren, Zhang, Wang, Minev, You, Seif, Yelin

Demonstration of Robust and Efficient 

Quantum Property Learning with Shallow Shadows

Gate teleportation over 100+ qubits

arXiv:2408.03376 (2024)
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Preview
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Can quantum computers be useful for 

many-body physics in the next 3-5 years?
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Uncovering the dynamics of many-body systems

Image: Chalmers

Many-body quantum systems and 

their dynamics

• fundamental and technological

• but generically difficult to simulate and 

understand

Symmetries, conservation laws, and 

integrability

• can unravel intricacies of these complex systems

• but generically difficult to discover

Image: SuperSimple

https://www.chalmers.se/en/current/news/mc2-breakthrough-in-magnetic-quantum-material-paves-way-for-ultra-fast-sustainable-computers/
https://supersimple.com/article/butterfly-symmetry/
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Classical Physics: Integrals of Motion

Balls: boris-farias

Before

After

Integrals of motion:

Total Linear Momentum

Total Kinetic Energy
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Classical Physics: Integrals of Motion

Balls: boris-farias

Before

After

Integrals of motion:

Total Linear Momentum

Total Kinetic Energy

If you can find enough 
Integrals of Motion (IOM),

you fully learn the system.
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QSim on 100Q+: 2D interacting many-body Floquet system

Experimental setting

Spin image cartoon based on: Samuel Velasco/Quanta Magazine

Circuits (entire paper) 3.5 x 105

Shots (entire paper) 5.3 x 108

QPU runtime 80 hours

Environment Cloud

Number of qubits 124Q

Connectivity 2D h-hex

Depth in 2Q layers 60

Floquet steps 20

Total num. of cX gates 2,641

arXiv:2307.07552



IBM Quantum

Zlatko Minev

Interaction map and device layers
qubit interaction

Number of qubits 124Q

Connectivity 2D h-hex

Depth in cX gates 60

Floquet steps 20

Total number of cXs 2,641

arXiv:2307.07552
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excitation

initialized here

Initialize lattice in fun states

Color represent spin polarization

qubit interaction

Number of qubits 124Q

Connectivity 2D h-hex

Depth in cX gates 60

Floquet steps 20

Total number of cXs 2,641

arXiv:2307.07552



IBM Quantum

Zlatko Minev

Quantum dynamics in different regimes

Color represent spin polarization

Prethermal regimeThermalizing regime

Number of qubits 124Q

Connectivity 2D h-hex

Depth in cX gates 60

Floquet steps 20

Total number of cXs 2,641

arXiv:2307.07552
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A more detailed portrait

Local integrals of motion

 (LIOMs)

One-particle density 
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Operational LIOM description on observation timescales
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Photo: F. Schmutzer

The important thing is not to stop questioning. Curiosity 

has its own reason for existence. 

One cannot help but be in awe when they contemplate 

the mysteries of eternity, of life, of the marvelous 

structure of reality.

It is enough if one tries merely to comprehend a little of 

this mystery each day.

IBM Quantum@zlatko_minev zlatko-minev.com
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