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Average Gate Fidelity
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Standard RB

T&EIQizgoCi

Magesan, Gambetta, Emerson, Phys. Rev. Lett. 106, 180504 (2011).
[Step 1] 5-'& %ﬁ Magesan, Gambetta, Emerson, Phys. Rev. A 85, 042311 (2012).

HZ{HO? I_HO}

PG —Gi,——G. G; '

L)
FittingBaZX DEH (Z N E LA
- Twirling
TeSt + SchurD &
- Depolarizing error

- Clifford&%(&Unitary 2-design

[Step 2] Z4 v T4

m™m

|Step 3] AGSFADBRE
1 . IREDRILTNIE, T—2#
(1 —7r°")

Tlave\est .
(1 — Frave)™ = (1 e SEIRADIER THIBIART 5.
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Interleaved RB

1

Clic]
J. P. Gabler, et al., Phys. Rev. Lett. 108, 260503 (2012).
[Step 1] %,Eﬁ E. Magesan, et al., Phys. Rev. Lett. 109, 080505 (2012),

P—G:1G H9:HG 6,09 HY9:

[Step 2] Z4 v T4 7

Standard Interleaved
ng | w7 T8 est At est
— | = . T TI
n ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[Step 3] AGF~ADE

1 st REHDPKIILTH, T—2#
1 — fave C est — |1 == 1 — I ,
| (9,€)] ( > ( ) PR OAERR TR IS UNEE L A Lo,
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RBD ZEE&H

Barends et al., Nature 508, 500 (2014).
o [ D]
PN .
5-qubit (transmon)

S '_‘E

Five superconducting qubits (transmons) DY TILDER

Randomized Benchmarking (1&2 qubits)

Quantum State Tomography (2, 3, 4, 5 qubits)

[SZERAR DX [P D[]

1-qubit®Interleaved RBDEE&HEE

2-qubit®Interleaved RBDEE&#EE
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Clifford;@& D3

Randomized Benchmarklng
OB EITHREZNRLICHEET 52FE

0 —Gi 15— gilem "B (1 — Fave)est
—G:19 H9:NG —6:..0G N9 1 1~ F™¢(G, )]
Bk \
- EEXTR - Cliﬁordii’,%'ﬁd)Average gate fidelity (D FE9E)
- %%ﬁa;ﬁﬁ : Random Clifford J&E&
. -HEEE CHENEE+T7 4 v T4 T +HIBRE )
A= :
- EfT3 X FAYELY, O(k) -+ Scalable!
L - SPAMT 5 — < LBk, )
[RlRE = N
1. Standard: IREHDIFEIRER G; =E oC
2. Interleaved: BB ICRHTIEENLEL 5.
3. REVAEDEZBE IFFHMmTE AL,
s 4, BEREDEL Y M ERBBERIIHFVEFELONAEL, )
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RB Families

Complements of Standard RB

Standard RB Becoming default methods in experiments

Emerson, Alicki, Zyczkowski, J Opt. B: Quantum Semiclass. Opt. 7, S347 (2005).
Knill et al., PRA 77, 012307 (2008).

Magesan, Gambetta, Emerson, PRL 106, 180504 (2011).
Magesan, Gambetta, Emerson, PRA 85, 042311 (2012).

s

Interleaved RB (gate-dependence) Simultaneous RB (crosstalk)
Magesan et al., PRL 109, 080505 (2012). Gambetta et al., PRL 109, 240504 (2012).
Leakage RB Purity RB (coherence)
Wallman, Barnhill, Emerson, NJP 18, 043021 (2016).  Wallman et al., NJP 17, 113020 (2015).

g Chasseur and Wilhelm, PRA 92, 042333 (2015). Sheldon et al., PRA 93, 012301 (2016). )
Loss RB

Wallman, Barnhill, Emerson, PRL 115, 060501 (2015).

non-Clliford RB Tomographic RB (unital)
Cross et al., npj Quantum Inf. 2,16012 (2016). Kimmel et al., PRX 4, 011050 (2014).
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RBOERE M

H I~
- Standard RBTTX 7 —37— FBICALELSGEOHES I aL— 3 Y OFR
Proctor et al., Phys. Rev. Lett. 119, 130502 (2017).

$\»....

_—7 « RBOHEEER |
SRR AR DK L OBR L
g4 SR 1-qubitd Standard RB®D
IRECEEECEEEECEELEE SEE BIEY I 2L —Y 3 ViER

ARTE G, = € o C; PRRILLTWAE WSS, SRBOHEEHEIL
T—RPEBERDODEBETHEEEREZTLLELRDZ LD S,

Wallman, Quantum 2,47 (2018).
Q1 and Ng, arXiv:1805.10622 [quant-ph].

- IRBORIBRDETFEZITZTWBAIEEDLH 5,
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ML n-l_Eljilf C\:- n%ﬁ_t_

REEOLDNTWD 2 DOFERIFERENHFY S AN

p(z) = Tr [IL.G(p)]

BEFFEIST74 Randomized benchmarking
0,G. Il zot 0TS 2F+ O O BRBEEHET 2 FiE
LSEHDHETE. 172538 (AGF) DH#ETE.
R E R E
Gxu#ET3 P & THIEBEM. T 7 —lddepolarizing channel TaCik &
N %
] B DY

1. T —DFMIED oA,
2. EBRD T 7 —l|Zdepolarizing channel T

1. SPAMI 7 —HE D RiHaRE.

2. }EIJIHEC\:.EI:&E@:Z Fﬁ\QUbltgﬁc: Li%ﬂfﬁf%@h\
B LT ISR 10 S S K AROE TS L

. RGREDNRES KR DG5EDH 5.
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= FEEDEXRBEICEHT 2 EARFEIR

Jhnl

BRIEFAVEL-ZREEICHITSUENMNIT

gAYt a—%, EFRYETE, RAERKNRK

pdey frb —
EFEEDIT T —
BEOERXHFE, To7—FETII, T7—DORE

. ERBEOFHEFE

2% FEZ 74, Randomized Benchmarking
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HEFEMEROEEM (1)

Quantum Characterization, Verification, and Validation

U.S. Army Research Office Broad
Agency Announcement

WOTITNF-13-R-0010

Research in Quantum Computing

June 2013 QCVV, #FlcCharacterization® & D B \L\3
ICEET MR ZBATRE LTWS,

[SXERD—ER5
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DrNEEs

[QT%

15)

E A _E~DF]

RBHE X 2h H > TH+7
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Quantum Characterization, Verification, and Validation

Martinis, npj Quantum Information 1, 15005 (2015).  Gambetta, Chow, and Steffen, npj Quantum Information 3, 2 (2017).

[ ERD—&ER5| H]

[ ERD—&ER5| F]

Interleaved RB&QTIC

_ TERBICE Wa
=BLTWS QT ERBICE R ULTWS

[RBT+4 ] [QTHRBHLRREHH > TR T2

- BEEmLE~OHBEQECDH
IO DHEYUMEIREEZ ER
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FHEF AR OEEM (3)

Quantum Characterization, Verification, and Validation

Future Directions of Quantum
Information Processing

A Workshop on the Emerging Science and Technology of Quantum
Computation, Communication, and Measurement

August 2016

[k D—ER5| ]
EFBEREMOERINREIAIAN—2EHRDZEESR
bET%, 105F%, 20F&ICHlTTHZEL,
INSDBEZEZERT DHICE
QCVVDIfTR, FFICFERFENEETH D EFHALTWS,
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ANl

DEEM (4)

Quantum Characterization, Verification, and Validation

ASCR Report on a Quantum
Computing Testbed for Science

Sponsored by U. S. Department of Energy
Advanced Scientific Computing Research Program

Quantum Testbed Stakeholder Working Group

February 2017

[ ERD—ER 5| H]
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EFEEDEXRBEICEITHIEARSEIEDONAHA
1. B8 EFaArvba—2BARICBITSUETIT
- AEETIICEDCAEEFIA V2 —2XDOERICOITT
- 2T RYFTERNTOEEN & ERIRN.
- ERICIEE X EEFELDLD S

BEEDEEAEFEE /AR, T73—FTIL, TT7—DOR,)

3. ERF[BEOFHIFE
EFEM, ZUMORIE~DERMY, HXE~OERM)
- 8F FEYF 74, Randomized Benchmarking
EbbHbRWVWFREDAANTD., EEENELAE L,
4. Rr8
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