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NISQ devices
NISQ = Noisy Intermediate-Scale Quantum

Focus on manipulating O(10) – O(100) qubits.
Let’s NOT dive into a complicated error correction and see if 
we can do anything useful with it. 

Obstacle: noise, of course!!

Error mitigation: run a given NISQ device many times + classical postprocessing

§ Trade space resource with time resource (sampling cost)
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Zoo of error-mitigation protocols
Various error-mitigation protocols proposed so far.

§ Probabilistic error cancellation 

§ Noise extrapolation

§ Virtual distillation

§ Symmetry verification

§ …

What is the ultimate performance shared by all error-mitigation protocols?
General theory for quantum error mitigation? 

[Temme et al., PRL ’17]
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General quantum error mitigation
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General quantum error mitigation
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Examples

R+
1

R 𝒟

A) Probabilistic Error Cancellation

𝑵 = 𝟏 𝑸 = 𝟏 𝑲 = 𝟏

B) 𝑹𝐭𝐡 Order Noise Extrapolation C) 𝑹-copy Virtual Distillation

𝑵 = 𝑹 + 𝟏 𝑸 = 𝟏 𝑲 = 𝑹 + 𝟏 𝑵 = 𝑹 𝑸 = 𝑹 𝑲 = 𝟏
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Quantifying performance

How many round number M ensures the statistical error    ? 

M samples ensure error                         with probability          
when
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Ē(M)
A =

1

M

MX

m=1

eA,m



Ryuji Takagi Fundamental limits of quantum error mitigation, npj Quantum Inf. 8, 114 (2022)

Lower bounds for maximum spread
What is the unavoidable maximum spread 
for a given maximum bias?
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Application: protocol benchmarking

<latexit sha1_base64="A2a7ul65VwPJmECNMFzQE7nNe/w="></latexit>

Z✏(⇢) = (1� ✏)⇢+ ✏Z⇢Z

Probabilistic error cancellation: (1,1)-protocol. (Q=K=1)

Our bound implies that any unbiased (1,1)-protocol satisfies 

<latexit sha1_base64="11yCTUB05AxxhTazDkRmXGvFDAc="></latexit>

�emax �
Lower bound achieved!

e.g.) Local dephasing noise

Probabilistic error cancellation is optimal for this noise.

𝑸 = 𝟏 𝑲 = 𝟏

<latexit sha1_base64="RJ+lpuTkqngtlgkT0+Z0eIhFmAw="></latexit>

E( ) <latexit sha1_base64="BnAaFzgkR+sNF7Cb+ubjo6gxEr0="></latexit>eA<latexit sha1_base64="+KyDVVHc0HqdV9pN4A8bYnS5lWg="></latexit>

B
<latexit sha1_base64="MRuwNg5usBFGjfbBjHMfVh1GT44="></latexit>

MA
<latexit sha1_base64="Q07iDHFfPQaawNPay4eeA0dWhgk="></latexit>

E�1 =
Õ

9 2 9B 9 , 2 9 2 R
<latexit sha1_base64="hJmRnvXj8e6ZHUacPyxigpaWFi0="></latexit>

W B
Õ

9 |2 9 |
<latexit sha1_base64="b2A3iVR/i+VYZFCEuLwQju7j55Y="></latexit>Wopt

<latexit sha1_base64="i4DgExkLL+lHgBhAke+PQ667D2o="></latexit>

{B 9 } 9: minimum    over all feasible
<latexit sha1_base64="TKsQD5bEGNdAWscJ/EvtYGCDGhM="></latexit>W

<latexit sha1_base64="gLjIcCh/kSOYsDkUzzbu5RA3WZE="></latexit>

�4PEC

max
= Wopt characterizes the sampling cost for this protocol.

<latexit sha1_base64="QRtWfm2x9bDpQbCxamq7y84tz+U=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbFI9CGaEDmu01p17Mh2kKooKwu/wsIAQqz8ARt/g9NmgJYjXenonHt17z1hwqjSjvNtVZaWV1bXquu1jc2t7R17d6+jRCoxaWPBhOyFSBFGOWlrqhnpJZKgOGSkG46vCr/7QKSigt/qSUL8GA05jShG2kiBDb0Y6RFGLLvLA48kijLB7zNPaBoTBXke2HWn4UwBF4lbkjoo0QrsL28gcBoTrjFDSvVdJ9F+hqSmmJG85qWKJAiP0ZD0DeXI7PGz6Sc5PDLKAEZCmuIaTtXfExmKlZrEoeks7lbzXiH+5/VTHV34GeVJqgnHs0VRyqAWsIgFDqgkWLOJIQhLam6FeIQkwtqEVzMhuPMvL5LOScM9a5zenNabl2UcVXAADsExcME5aIJr0AJtgMEjeAav4M16sl6sd+tj1lqxypl98AfW5w+99psC</latexit>

Z⌦n
✏

<latexit sha1_base64="AwvfDiEdyHGTUlJBVK0tfp5zpBg="></latexit>

�ePEC
max = �opt =

1

(1� 2✏)n

<latexit sha1_base64="xfQPBv/w45QqXkLggbVmgLmR8+Q="></latexit>

max
 ,�

Dtr( ,�)

Dtr(Z⌦n
✏ ( ),Z⌦n

✏ (�))
� 1

(1� 2✏)n

[Takagi, PRR ’21]
[Regula, Takagi, Gu, Quantum ’21]



Ryuji Takagi Fundamental limits of quantum error mitigation, npj Quantum Inf. 8, 114 (2022)

Application: error-mitigating layered circuits
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Summary
§ Introduced a general framework for quantum error mitigation.

§ Sampling lower bounds? See our follow-up work
“Universal sample lower bounds for quantum error mitigation”, arXiv:2208.09178

§ Showed the optimality of probabilistic error cancellation for the 
local dephasing noise in terms of the maximum spread.

§ Showed that mitigating errors in layered circuits requires 
exponentially large maximum spread.

§ Established a general lower bound for the maximum spread.


