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Biggest challenge?
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Biggest challenge

Noise
(Errors)
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Learn Cancel Cost

noise with noise,

practical more noise more cost

accurate, efficient, scalable
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Outline

Probabilistic error cancelation (PEC) idea

| d e a Why not possible at scale until now?

Challenge

I_e a rn Sparse Pauli-Lindblad model in experiment

, ‘ Ca n Ce ‘ Mitigation in practice with Ising

(realization) e
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|deal (noise-free) quantum circuit

MM

\

ideal multi-qubit unitary

A circuit can be decomposed into a layer construction
Example: Trotterization of Ising model simulation
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Real (noisy) quantum circuit
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Why not invert noise?
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Not possible?
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unphysical

would need to know lost information due to noise
non CPTP map

has negative eigenvalues

Zlatko Mineyv, IBM Quantum (12)



Probabilistic error cancelation
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implement on average

K. Temme, S. Bravyi, J. M. Gambetta,
Physical Review Letters 119, 180509 (2017)
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Toy mode|
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Toy model: noise unraveling into quantum trajectories
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Toy model: noise unraveling into quantum trajectories

Bloch sphere  10) contraction

loss of information
reduced purity
eigenvalues >0

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 _ 40

increase purity £
eigenvalues <0

Zlatko Minev, IBM Quantum (17)



Inverse of noise map is not physical
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Raveling quantum trajectories to undo noise

No error!

probability
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Raveling quantum trajectories to undo noise

No error!

ERROR!

ERROR!

Error canceled!

probability
(1-9) (1-p)

(I-9) p

(1-p)

Solution to noise free!
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probability

Py =11-glly

How to implement?

random circuits
(quantum trajectories)

""" - M
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Qi T HAHT : R XS =
+ |
PR . My sy=sign(@)
Qi —{ X HAHI : W XSx E

- e == s == o=

sampling overhead
Y =[1-g] + 4]

\ \
0 0.2 0.4

P

mitigated expectation
(M) =~(siPrMr + sx Px Mx)

Gain: bias-free estimate!
Cost: variance
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Canceling noise with noise
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Canceling noise with noise: Drunkard’s classical random walk analogy
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P(1 step left) = %-p P(1 step right) = %+p

Distribution of random walk
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wind blows
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P(1 step left) = %5+0 P(1 step right) = %-¢

Distribution of random walk with wind

cancel: g=-p
t>0

Gain: bias-free estimate!
Cost: variance
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Putting them all on the same footing: David Sutter chat
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~Nice, but why hasn't worked so tar?

Small scale

Q1 —

ATHAHNT

Challenges

Critically hinges on knowing the full noise near perfectly

Despite the method’s theoretical appeal (1-10),
practical challenges have limited its demonstration to the one and two-
qubit level (2, 3)

= 2L Sl pn Dl g 08 I

S. Endo, S. C. Benjamin, Y. Li, Physical Review X 8, 031027 (2018).
C. Song, et al., Science Advances 5, arXiv:2109.04457(2019).

S. Zhang, et al., Nature Communications 11, 587 (2020).

C. Piveteau, D. Sutter, S. Woerner, arXiv:2101.09290 (2021).

S. Endo, et al., J. Physi Soc. of Japan 90, 032001 (2021).

C. Piveteau, et al., arXiv:2103.04915 (2021).

R. Takagi, Phys. Rev. Research 3, 033178 (2021).

R. Takagi, S. Endo, S. Minagawa, M. Gu, arXiv:2109.04457 (2021).
Y. Guo, S. Yang, arXiv preprint arXiv:2201.00752 (2022).
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Nice, but why hasn't worked so far? Challenges

Small scale

AT HART

-— e -

Q1 —

Large scale /
s — - — e — e —

/

Q2 —

Qn_

AT

— e = = = = == =

| 2 qubits 255 parameters
— 10 qubits 1012 parameters

50 qubits 10%0 parameters

noise param values 102 - 10™
additive error sampling cost (>1O2 — 1010)

Challenges
learning complexity noise in full device
« efficient e cross-talk
* scalable e correlated errors
e accurate e parallel gates

e compact, tractable representation
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Is it possible to learn the noise
with accuracy, efficiency, and scalability?
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Control errors

Photon shot noise

1/f charge noise

1/f flux noise

Nonequilibrium quasiparticles
Leakage

Cosmic rays

Energy relaxation T;

Dephasing T,

Coherent errors ZZ

Classical crosstalk

Quantum crosstalk

State preparation error
Measurement correlated errors
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Step 1: Simplify the noise

Ql"'
QZ"‘

noise that includes cross-talk errors, etc.
characterized by some 4" x 4" matrix
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Step 1: Simplify the noise: twirl

twirl reduces to noise 4" x 4" matrix to diagonal one with 4" entries in Pauli basis
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Twirling references

C. H. Bennett, et al., Phys. Rev. Lett. 76, 722 (1996).

E. Knill, arXiv:0404104 (2004).

O. Kern, G. Alber, D. L. Shepelyansky, EPJ D 32, 153 (2005).

M. R. Geller, Z. Zhou, Physical Review A 88, 012314 (2013).

J. J. Wallman, J. Emerson, Physical Review A 94, 052325 (2016)
Hashim et al., Phys. Rev. X 11, 041039 (2021)

Z. Minev et al., Qiskit Global Summer School Lecture Notes

(in prep; see zlatko-minev.com/blog for update) (2022)
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Stochastic Pauli channel

4™ —1
A; (IO) — Z Cz'a,PapP(;L
a=0
A(Pa) = faPa eigenvecs are Paulis
* some sub-Clifford twirl group (use Paulis) Zlatko Minev, IBM Quantum (30)



Step 2 wish: amplify noise

for the i-th layer

P
oy
p—

[

Q2

prepare circuit in pre-
determined Pauli basis

Akin to:
RB, Cycle RB, K-body noise reconstruction, ...

k repetitions

Since diagonal channel
will amplify eigenvalues
learn with multiplicative precision

S.T. Flammia and J.J. Wallman ACM Trans QC 1, 3 (2020), ...
For something of a review of protocols, see Helsen, et al., A general framework for randomized

benchmarking (arXiv:2010.07974)
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B, Pl

|

measure circuit in same
pre-determined Pauli basis
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Step 2 wish: amplify noise with gates?

for the i-th layer .~~~ k repetitions

/I \ / A\
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prepare circuit in pre- Si.nce dia.gonfal channel measure circuit in same
determined Pauli basis will amplify eigenvalues pre-determined Pauli basis

learn with multiplicative precision
Akin to:
RB, Cycle RB, K-body noise reconstruction, ...
S.T. Flammia and J.J. Wallman ACM Trans QC 1, 3 (2020), ...

Erhard et al., arXiv:1902.08543; Ferracin et al., arXiv:2201.10672, ...
For something of a review of protocols, see Helsen, et al., arXiv:2010.07974 Zlatko Minev, IBM Quantum (32)



Let's see how the amplification works with gates: no-go theorem

A(Pa) — faPa
2Q example fXY 41 fYZ 41
XY | A XY/ CXI—YZ— A —YZ—/ CX —XY
action of CX here can be undo by SQ gates Jxy JyzXY
2Q example fXI 41 fXX +1
XI A XTI CX —XX— A —XX— CX —XI
action of CX here can not be undone by SQ gates fxrfxxXI

fundamental degeneracy — can not undo some non-local — need entangling operation
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Step 2: Amplity & learn noise per layer

k/2 repetitions for 2k=0,1,2,....
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I | S J I | S / [
prepare circuit in pre- phase of identity gate measure circuit in same
determined Pauli basis conditioned on basis choice pre-determined Pauli basis

RB, Cycle RB, K-body noise reconstruction, ...
S.T. Flammia and J.J. Wallman ACM Trans QC 1, 3 (2020), ...
Erhard et al., arXiv:1902.08543; Ferracin et al., arXiv:2201.10672, ...
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Step 3: Twirl readout-error mitigation

¢t - T T - == \ ¢t - T T - - \ \I(/Z
Qi —BiHYH H MHSH H S B tH Ry
Q2 By 14 H S+ | s B! Ry P77
: AU | : AU |
Qv —{ Bt H FS.H H FH S B R.

twirl readout to do readout
error mitigation in-situ®

* Model-free readout-error mitigation for quantum expectation values
Ewout van den Berg, Zlatko K. Minev, and Kristan Temme

Phys. Rev. A 105, 032620 (2022) Zlatko Minev, IBM Quantum (35)



Experiment
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Learning the noise: raw data
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9 bases, 100 randomizations, 216 shots
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Learning the noise: raw data

& B HAT T HEE
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9 bases, 100 randomizations, 216 shots

Value

1*

ZII1
1 2t }0.9942:+9.8e-5

I1ZZ

I 1Y 10.994041.2¢-4

| I T }0.09301 3¢-4

ITYX

IIXY

Al ) 099284174

A }0.991141.7e-4

‘W ZYII

b“

f I ZIXI }0_9882:|:2-4e‘4

ZIYX

Z1ZZ

(14T I ZHY}O.9881:I:2.9e-4

l ZIXY}0.9870:|:2.8e—4L

ZIXY

2" curves
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Value

Raw data

0.3 4
0.2 4

0.1

20

40 60
Depth (k)

80

Basis index = 0

0.8
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 +

020,050,

1
A
1
F

1 (zmmn):
1 (uryazz):
4 (uxnoyx):
o] (uxy.axy):
1 (yuzvm):
(zix1,z1vx) :
(z1ry,z12z) :
(zixy,z1xy) :
: 0.9858 + 3.8e-4
(ryyx.zyxi) :
{rviv.zyzz) :
(ryxrzyyx) :
: 0.9843 + 2.6e-4

(aran,1azn) @
(zu,zin) :
(mz,nzz) :

(X, 3xnm) :
(zxar,zxu) :
(z1z1,2121)
(zn1z,2122) :
{(1xar,1xz1) :
(1xz,1x22) :
(zx1z,zx2z) :
(zxz1,zxz1) @

{ix,mx) :
(uxrmxx) :
{rvm,zzm) @
(yym,yyn) :
(xxur, yim) :
(rvix, zzix) :
{YYIX,YYIX) :
(XXX, Y1IX) :
: 0.9847 £ 3.6e-4
: 0.9846 £ 3.6e-4
: 0.9830 £ 2.7e-4
: 0.9821 + 4.5e—4
: 0.9821 + 4.9e—4

0.9942 + 9.8e-5
0.9940 £ 1.2e-4
0.9939 £ 1.3e-4
0.9928 + 1.7e-4
0.9911 & 1.7e~4
0.9882 + 2.4e-4
0.9881 £ 2.9e-4
0.9870 + 2.8e-4

0.9857 + 3.7e4
0.9851 + 3.1e-4
0.9852 + 3.9e-4

0.9946 :k 9.0e-5
0.9942 % 9.8e-5
0.9940 + 1.0e—4
0.9923 £ 1.3e~4
0.9895 + 2.8e-4
0.9888 + 1.8e—4
0.9881 + 1.7e-4
0.9868 + 2.0e-4
0.9863 + 2.0e-4
0.9838 + 2.4e4
0.9840 + 3.1e-4

0.9959 + 7.8e-5
0.9933 £ 1.3e-4
0.9913 + 1.8e-4
0.9893 + 3.4e~4
0.9880 & 2.3e4
0.9872 + 2.9e-4
0.9855 £ 3.5e-4
0.9843 & 2.9e-4

Basis index = 1

0.8 1 RN
0.7
0.6 -
05 -
0.4 -
0.3 -
0.2 -

i
i

1

(mz,uzy) :
(1xx,1mv1) :
(nvzayz) -

(1zizyn)
{xmyxi) :
(xzi,xzn) :
(1z12,2¥zY) :
: 0.9854 + 3.6e—4
: 0.9840 &+ 3.0e-4
: 0.9836 £ 2.3e-4
: 0.9840 + 3.de-4
: 0.9826 + 3.4e-4
: 0.9826 + 3.6e-4
: 0.9821 + 4.0e-4
: 0.9809 £ 4.6e—4

(mxx,ayt) -
(ury,nzz) =
(axan,pxan) :

(rrvy,nvy) :
(X, xxa)
(1xry,ixzz) :
§ (xxxxy1) :
: 0.9851 £ 3.3e—4
: 0.9842 + 3.8e-4
(xary,xxzz) :
§ (xizzxxey) :
A1 (XX xxva) ©
A(xiyy,xxyy) :

§  (mxomx):
4 (manyx):

(rzm,zym) @

{xxar,ynr) :
(1zix,zvix) =

(yzm,yzm) :
(1zy1,2Y¥X) :
(1zyX,z¥y1) :
(Xx1x,¥1ix) =
: 0.9836 & 3.6e-4
5 (XXY1,Y1YX) =
4 (xxyx.vivi)
: : 0.9816 + 3.0e—d

0.9941 + 1.0e-4
0.9940 £ 1.3e-4
0.9925 + 1.7e-4
0.9912 £ 1.8e-4
0.9898 £ 2.2e-4
0.9881 + 3.5e-4
0.9857 £ 3.1e-4

0.9940 £ 1.3e~4
0.9940 £ 1.2e-4
0.9923 &+ 1.3e4
0.9925 + 1.6e—4
0.9903 £ 2.1e—4
0.9866 + 3.2e—4
0.9866 + 3.2e~4

0.9842 + 3.6e—4
0.9844 £ 3.4e-4
0.9843 + 3.4e-4
0.9829 + 2.4e—4

0.9959 £ 7.8e-5
0.9938 £ 1.2e-4
0.9912 + 1.8e—4
0.9880 + 2.3e—4
0.9873 &£ 3.0e-4
0.9874 + 3.8e-4
0.9849 + 3.2¢-4
0.9850 =+ 3.0e-4
0.9843 + 2.9e-4

0.9820 + 4.0e—4
0.9817 £ 4.1e—1

Basis index = 2

1.0 ] (mzmnzy):
4 (mxyuyx) :
0.9 A (uxzaxz) :
A “§  (vmzzn)
03 (Xt yxi) :
0.7 - (xXyixym) :
(1v1z,zzzY) :
0.6 - (ryx1,22YX) ¢
(1vXz.2ZXZ) :
0.5 = (XIXLYXYX) :
i {xnz,yxzy) :
0.4 A (XYXILXYYX)
(xviz,xvzy)
0.3 ~ (x1xz,¥xxz)
0.2 - Kxyxz.xvxz)
0.1 T T T
0 25 50 75
Basis index = 8
1.0 §  (mxux):
A4 (uzinzi) :
0.9 A (oanpar) :
0.8 - (mzx,nzx) :
’ (v yx) :
7 (1x1x,1XIX) :
(1xz1xzn) ¢
0.6 - § (X, yxx) :
(vrz, yxzr) :
0.5 - (mxzx, IXZX) :
(12X, ¥XxzX) :
0.4 -
0.3
0.2 1
0.1 T T T

25 50 75

(zmms,zm)
(nzi,nzr) @
(imyazy) :
(1zn,zzn) :
(z1z1,z121) :
(znv,z1zy) :
(1zz1,2221) :
(ray zzzy) :
(1zzy zary) :

0.9942 + 9.8e-5
0.9946 £ 9.0e-G
0.9932 £ 1.4e-4
0.9925 + 1.5e-4
0.9888 £ 1.8e~4
0.9877 £ 1.9e-4
0.9873 £ 1.9e-4
0.9860 + 2.2e—4
0.9861 + 2.5e—4

0.9941 = 1.0e~4
0.9939 x 1.3e~4
0.9929 =+ 1.6e—4
0.9913 £ 1.8e-4
0.9898 & 2.2e—4
0.9889 + 3.4e-4
0.9856 =+ 3.2e~4
0.9855 & 3.3e—4
0.9845 & 3.2e-4
0.9835 & 3 8e-4
0.9836 x 2.3e~4

: 0.9825 & 3.8e—4
: 0.9822 + 3.7e—
: 0.9824 % 3.Te-4
1 0.9814 + 4.4e4

0.9959 £ 7.8e-5
0.9946 £ 9.0e~§
0.9923 £ 1.3e—4
0.9909 + 2.3e-4
0.9895 £ 2.6e-4
0.9888 + 2.9e—4
0.9868 £ 2.0e-4
0.9854 &+ 2.4e-4
0.9838 £ 2.85e-4
0.9836 £ 3.8e—4
0.9804 + 3.0e-4
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Sparse Pauli-Lindblad model

4™ —1

Z caJPa,oPaJr
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A (p) = exp[L] (p)

L(p) = Z Ak (PrpPr — p)
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Magic

Highlight: Ewout van den Berg

icon: Eucalyp
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Fingerprint of the noise: sparse Lindblad tomogram
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Experiment on a larger, mixed layer

Q1 — B

Q2 — B2

Qn_Bn
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Diagnosing errors with the Lindblad tomogram

Qo Z Z z
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Experiment on a 20Q layer
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20 qubit layer tomogram
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Zlatko Minev, IBM Quantum (46)



Outline

PEC mitigation:
Inverting noise to

obtain expectation
values

4 I Cancel
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Zlatko Minev, IBM Quantum (47)



Simple example: mitigation of repeated cNOT
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Zlatko Minev, IBM Quantum (48)



<O>

1100

1075 1

1050 A

1025 A

1000 1

0.975 1

0.950 1

0.925 -

0.900

Simple example: mitigation of repeated cNOT

Correct learning used to mitigate

Ideal

- -

Data without PEC

“<.  decays

~

00 25 50 75 100 125 150

Depth d

12.5

20.0

<O>

20 -

Using wrong data set to mitigate

—_— I
1z
d -
")/ (1 'I‘ — 7z
Learning & Q4 N
PEC gone wild Q7 -I-
Qe D
Ideal
20 a0 0 80 100
Depth d

Zlatko Minev, IBM Quantum (49)



Protocol overview
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Ising model Trotterized time evolution

v1 = 1.0309 + 8.40 - 10~°

Top image: Samuel Velasco/Quanta Magazine
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Zlatko Minev, IBM Quantum (51)



|[deal Ising model evolution
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Without PEC: but with DD & twirl readout mitigation

—e— without PEC
HM - Mideal”Q/”Mideal”Q
s 1.00 A
&
& 0.75 -
(D)
=
O
4 0.50 -
()
2
= 0.25 -
o’
1 O.OO 1 1 1 | ]
| 0 5 10 15
15 steps, depth 60 (Y) Trotter steps

h=1J=-0.15,6t=1/4 Zlatko Minev, IBM Quantum (53)



With PEC
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With vs. without PEC

h=1,J

0.15,6t = 1/4
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With vs without PEC: 10 qubit high-weight observables
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With vs without PEC: 10 qubit high-weight observables
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With vs without PEC: 10 qubit high-weight observables
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Error budget and scaling



Mitigation sampling overheaad
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Outlook

Runtime & lower gate errors! 50 qubits
2.0 7
— 10 qubits el T 10 Trotter steps /
—— 20 qubits ——— 20 Trotter steps ‘
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CLOPS: A. Wack, et al., Quality, speed, and scale: three key attributes to measure the performance of
near-term quantum computers (2021). Zlatko Minev, IBM Quantum (61)



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

Runtime = (1/8) x d x (y)"9 seconds

d is the depth of the quantum circuit

o Is a measure of how many circuit layer operations that can be done
per second (increase by pushing )

v is @ measure of the collective quantum noise (increasing
brings it closerto 1)

n is the number of operational qubits (increase by pushing )
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Thank youl

Lindbladian learning is accurate, efficient, and scalable
Powerful characterization and benchmarking tool

Enable the study and mitigation of noise in quantum
processors at a new scale

Ewout van den Berg, Zlatko K. Minev, Abhinav Kandala, Kristan Temme
arXiv:2201.09866 (2022)
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Tech Note T23: Probabilistic error cancellation: paper notes

Summary for key notation of Probabilistic ervor cancellation with sparse Pauli-Lindblad models on noisy

quantum processors |Ref. van den Berg et al. (2020)]

Symbol  Description

Value

Circuit constants & indices

n number of qubits in circnit
l number of layers in circuit
i layer index within circuit

n=12,8...
=123
=1y 3

Pauli-Lindblad model inputs

k model coefficient index, corresponds to a
Pauli

b fidelity vector indices

K set of Pauli fidelity support indices for the
sparse model £ of A. Small set

B set of benchmark Paulis (Pauli fidelity
support indices of A). Can be all of them,
big set

N number of error-mitigated circuit instances

k=1,2,3,... or equiv. n-qubit Pauli string

bh=1,2,... or equiv. n-qubit Pauli string
kek

beB

N =1,2,3;...

Pauli-Lindblad model variables

5 sampling overhead
Y7 (1) sampling overhead for the i-th layer and a
total of [ layers

Ak k-th model coefficient

W noise model weight in A factoring
fo Pauli A fidelity of b-th Pauli index
j: vector of Pauli fidelities of A

f fidelity estimates for a set of

M(B,K)  binary matrix with entries My = (b, k) o
where the symplectic product is 0 is the
Paulis commute and 1 if they do not

v2 1, y=exp (Crex 2M)
() =M%

A >0

Wy = % (1 + 6_2'\")
foi= 3 Te (PIA(R))
f == {fb}beu

log(f) = —2M(B,K)A (element-wise log)
(used to fit with A > 0)

Quantum operators and superoperators

Py Pauli operator, indexed by &
U U, UY; unitary ideal gate; tilde: noisy i-th layer
unitary
AA; noise channel
A= inverse noise map
L(p) Lindblad generator
<xi N average error mitigated estimate of <A>

for some operator A using N circuit
instances

Pe€{I,X.Y, Z)}*"

A(p) =exp[L](p) =

Miex (wi - +(1—wi) P~ PL) p
A~ (p) =exp[—L] (p) =

Migex: (we - —(1 —we) P+ PL) p
L(p) = Liex M (PrpPi — p)

23.1 Common questions

How many random circuits to run? For a maximum error bound ¢ between the the ideal and mitigated
expectation values |<4>| P <AN>| < ¢ satisfied with a probability 1 — 4 (assuming a weak enough noise,
1deal

C' =~ 1), we can solve for the number of error-mitigated, random circuit instances N in van den Berg et al.
(2020)

V2log (2/6)

N = 2log (2/6) (})2 :

1\2 =
N=~4 (-) for 6 ~ 0,01 .
€

For probability § = 2%, log (2/§) = 2, a small overhead; for § = 0.01, it is 2.3, and for 6 = 0.001, it is 3.3.

10° | I —_— = 0.01
— —_— =005
z — = (.10
w
s 10*
7
e
g —
g 10°
z. —
2 | |
10 1 1.1 1.2 1.3 14

Sampling overhead ~
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