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FIG. 1 The probability density distributions of the unmiti-
gated estimator and the error-mitigated estimator. We see a
decrease of bias and an increase of variance after performing
error mitigation.
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FIG. 2 Obtaining the error-mitigated estimate using zero-
noise extrapolation. Here we are performing extrapolation
using three noisy expectation values at the circuit fault rate
of A =0.5, 1, 1.5, where 0.5 is the lowest circuit fault rate we
can achieve and the other two are obtained through boosting
the noise in the device.
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Fig. 6: Comparison of extrapolation methods averaged over
50 two-qubit randomized benchmarking circuits executed on
IBMQ’s “London” five-qubit chip. The circuits had, on aver-
age, 97 single qubit gates and 17 two-qubit gates. The true
zero-noise value is (0|p|0) = 1 and different markers show
extrapolated values from different fitting techniques.

/’ Swor, Ginrpeo-Taaw of ol (2020),
Bkl & Z-dugts plponad osdprfom Tidabe txta-
plotion



2) adaphinn sBuar, L s f X ot St alpt,
L Can ol wu /m«;sbmwl /ﬁvﬁ‘ds woddls (%( oy wtuofl
i)



Tehocdilitic v camallodion (PEC)

Towamt Aol ( (204’-\)

0 SAgvfmwh‘wﬂa Aot [pras.
¢ s diposihid Somplivy owded C E.x
o Toumuaus Sl Guoridy, o v woddd

- utly pufon. GST (fawft Wt Aouorapky) 4 muylet
IZHAX\, — VM W g Wv\d'\ﬁ(w\«)

- Arrfpwn M b Ponds wen [a'a Peut: 7fw‘»&5¢
Unke g WL as Compostio- of adel gedt M«d by s
dod - W = E° Uy

= t
> €@ =3 Mghl o 2alst

P %‘Rf”a A
begwss Pk Lo,



£(g) =D M. gMy, S HH =1

ﬁ

Uk wuot gt wlio os €
UMlrd gt C it sppsytodor C . Assima C <5
2- ek ot for Conittuay (sl s CanT gakt),
Pk Auid duswy of rh

c —> ———L efCsls,
Jroost 0‘}761 s«ﬂp 3%

sial = sl C
ad o preckia A& swlfiat A bt A p ok s arnd
by ot fficidly i, vanlon e
As o ol
Co.8= E9C,, 8 =%NQCSC+N:

Ml



\*L)— 7 0’:‘0“5 M. C d‘fc‘f S

T
s¥eic' M ¢ of

NN d A o P f&pf
R‘ZZ G-,\ Gl Hc,o’,; 0'2_ Cgc GAGLNG

o0 S, wf

slol=Cayelc

! )
- — + 57 C
-5 M.cgc Mo = &°Cgy
e

(o PFl00
6 A Pack Awcld Sanad | WSl &y o Tank ik
(0;) Douvt‘cwd‘iam



lZlba Adee. - wmke unadest %aﬂ, &Ap»&opiwfwr 05 Ko
Condinatio of Moty Unplinadofte ones

. C?
“&M = de (B’h
o
Wil ek bt potstell) wgetin toeffhescts o,
A'S\Ml‘lﬂ'ﬂa«m Can, UMPW o SU('J “"“’a VPM"W"S lrJ?“
Hok *&W‘”‘ On (Wwfi%‘“ s on e Hollad - SLuwilf

Yo .
Now, e sl tsprdotio, vl d( Hsmalle O can be

Meputed  wg
TV[OSo—j = T([Ouwxgu} =

m ) EX
=<<ol (ng“»:%_%«() (Bh ?w»'

) M ln..fawof Can L@ COM'PMZIZA 0~
o ey b b obha ey Lada
ohn btfordomd




Mt DAy Bk

D =1 A b fod A TM &
ity @3B L s somed s ety bt g -
bowplok) | 39 WL tom Bsbimete D o, 401 BLISy woy
Houde - Cado sampliny.
Vot MO Samphty o bosa sk B, ot s, i A
i sk Gl puobelill %l‘ w Q=3
The wadk otpt KO B1 8y & tmdbiphid wntd
Q sip (o) bt awtagy A obtar £l opuhl wha o 4
mmw

ldn‘

[Oer) < Qz.&x“(d «0| B, [8-»

Houw, Z ‘d,,,,' AV Y sowol,ﬁo,q,ue,lf Ml | Lo.A
M

‘ de%:. Wy st bt o tontx (obivetion
A Sonnds.



TABLE 1. Sixteen basis operations. Gates [R,] and [R,] can be
derived from [H] and [S], and other operations can be derived
from [z], [R,], and [R].

1 [1] (no operation)

2 0] = [R.)?

3 0] = [RJ*[R.)?

4 [6°] = [R.]?

5 [R.] = [(1/v2)(1 + ic™)] = [H][SP’[H]

6 [R,] = [(1/v2)(1 +i0”)] = [RJ*[R][R.]
7 [R;] = [(1/v2)(1 +ic?)] = [S]?

8 [Ry] = [(1/\/5)((;-‘ +06%)] = [R][R.]?

9 [R] = [(1/V2)(6* + 6")] = [RJ[RJ[R.]
10 [Ry] = [(1/V2)(e* + 0”)] = [RJ*[R.]
1 ] =[3(1+6%)] = [R] (R’ [7][R,][R.]
12 [m] = [3(1 +0")] = [R][#][R,]?

13 7] = (1 + 6] = [7]

14 [7,:] = [ (67 +ic%)] = [R]*[R.]*[#][R.]’[R.]
15 [7.2] = 3 (6% + ic¥)] = [R][x][R.]’[R.]?
16 7] = [ (6" +ic”)] = [7][R,]>

Classical data processing

10) D D @ | Measurement
outcome u

Probability

Random numbers
I = (i1, 41, k1, ..

)

‘ { 5 Ideal value
I

Probability

Measurement
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Claesr (lv N)

FIG. 1. Quantum computing of the expected value of an observable (a) without quantum error mitigation (QEM) and (b) with QEM. In
QEM circuit (b), each operation (including the memory operation) in the original circuit (a) is replaced by an operation depending on the
corresponding random numbers [see Fig. 2(a)].

Juom Emdy of L., PRX (2049).
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Fig. 8: PER results of total magnetization (M, (t)) of the
TFIM, prepared in the |0) initial state and evolved with
under Hamiltonian with parameters J = 0.15, h = 1. The
Trotter dynamics are simulated on the IBM noisy simulator
FakeVigoV2 using a Trotter stepsize At = 0.2. We simulate
1000 PER circuits, each is evaluated with 1024 shots. Panel
(a) shows that vVZNE with the noise levels £ € [0.5,1,2]
yields excellent agreement with the noiseless Trotter result.
Readout error mitigation is used at all noise levels. Panel (b)
shows the individual estimators (blue) and their average with
standard deviation (red crosses) at & = 0 (upper plot) and
¢ = 0.5 (lower plot). The variance increases as the noise
strength approaches zero, and the estimator values approach
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