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Fig. 1. Eight different layouts of the CNOT gate in the random circuit, where all of qubits are performed H gate in the 0-th layer,

and cycle once every 8 layers in the circuit (repeat 1-8 layers of this graph), the blank vertices are laid out I, T, X 1/2 y1/2 ran-

domly, and the two-qubit gates are all CZ gates!.
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Fig. 2. Random circuit architecture for Sycamore processor, where all of qubits are performed H gates in the 0-th layer, the layer of

the circuit iterates and repeats the pattern ABCDCDBA, a layer of random single-qubit gates are performed between two modes,
which constructed by X /2 y1/2 Wl/2 | the two-qubit gate is the multiplication of the partial-iSWAP gate and control-phase
gate (constructed by partial-iSWAP gate followed by a control-phase gate)!”.
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Fig. 3. Device of boson samplingl®®. The input are n
photons, and one can detect photons on the m output

modes through a linear optical network.
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Fig. 4. Brief introduction of SBS devicel®. In this model,
the input are 2m single-mode compressed states, and the
two-mode compressed states are generated after entering
the beam splitter and the phase-shifting sub-device. An addi-
tional measuring device is used to fix the number of input

photons for the linear optical device U, of SBS.
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Fig. 5. Brief introduction to GBS devicel®®. The input ter-
minal is a K single-mode compressed state injected into the
linear optical network, and the photon number is detected
in M modes at the output terminal.
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Fig. 6. Experimental results of the proof of quantum advantagel™: (a) In the classical verifiable region, the fidelity of simple full
quantum circuit accords well with that of simple truncated quantum circuit, simple split quantum circuit and simple product model.
Each data point is the average of multiple random quantum circuit samples. (b) In the quantum advantage region, the fidelity of
complex full quantum circuits is estimated by using simpler circuits and simple product models. The red time label represents the
time required for the verification task of the classical simulation complex full quantum circuit, and the grey time label represents

the time required for the corresponding sampling task of the classical simulation.
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SPECIAL TOPIC—Quantum computation and quantum information

Review on quantum advantages of sampling problems’
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Abstract

Exploiting the coherence and entanglement of quantum many-qubit states, quantum computing can
significantly surpass classical algorithms, making it possible to factor large numbers, solve linear equations,
simulate many-body quantum systems, etc., in a reasonable time. With the rapid development of quantum
computing hardware, many attention has been drawn to explore how quantum computers could go beyond the
limit of classical computation. Owing to the need of a universal fault-tolerant quantum computer for many
existing quantum algorithms, such as Shor’s factoring algorithm, and considering the limit of near-term
quantum devices with small qubit numbers and short coherence times, many recent works focused on the
exploration of demonstrating quantum advantages using noisy intermediate-scaled quantum devices and shallow
circuits, and hence some sampling problems have been proposed as the candidates for quantum advantage
demonstration. This review summarizes quantum advantage problems that are realizable on current quantum
hardware. We focus on two notable problems—random circuit simulation and boson sampling—and consider
recent theoretical and experimental progresses. After the respective demonstrations of these two types of
quantum advantages on superconducting and optical quantum platforms, we expect current and near-term

quantum devices could be employed for demonstrating quantum advantages in general problems.

Keywords: quantum advantages, random circuit sampling, Boson sampling, classical simulation
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RUH (S 2018B030325001) FiH L AR REG (HEHES: 2020M683049, 2021T140761) B B4 IR
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MBQC B8 #HOCHE i, 46 MBQC B HE A 7
B TSR KW L AR OCAT A AR () TR R
KR WY3EYE, JF HAEE T ARIBARBEZ T 1)
SEUSHE R, TRV T AR BT TENT SR 5 ). A EEREXT
M S P AR T (noisy intermediate-scale
quantum, NISQ) BH B R AT firfE 7.

2 MBQC #y # A J7 72

EFITERNEMETS

J VAT A A CE |, TEIERS
24 MBQC 3o AL 2 /i, X B X it
1) — LS S A T 1

i E AL PR B BEA FLOTHR R BT HURE (qu-
bit), B A LA S IR 0) F1 1) B9 B i

1) = o |0) + 1 [1), (1)

Horb 52 80 co M ea BR O A EL I 2 0 — 1k 2R 1
ol + [e1 | =1, F 5% (ket)| ) AT IS
FEAFS. 1A qubit AT 144k 5 ) &S [A]
HP R [ f, T |O) R | 1) FA BCAR [ 172 ] 1) TE AS K,
FHEIEL (computational basis state). X n >
qubit F AT R G, Ht RIS 220 - 2,) 3
Aon A, MUK RGP TR 1A FSE A LH
2V NMRIE AR 2. B, RN 1A n
qubit ¥R A A IR IR (S B 2R B K s
[B]. 5By b, i AP EE S A O 2y
(5 . 00 Hor 2-qubit 2 28RS Y LR 0 4 4>
1EAC Bell 25%:

2.1

[Boo) = (00) +[11))/v/2, |Bor) = (01) + \10))/\/(52,)
|B10) = (00) — [11))/v/2, [Bu) = (|01) — |10>>/x/(5?;)

PR R 2 T R L TS
HEAT— FR IR B LA B AR 25 5L 7 R T4
B, Hod R i . EEA R
Bl BT VBB E R R, BT IR
ARAVEHEI R T8 1A LA, & IR T L
R TR E4F (X, Y, Z) Fl Hadamard ] (H) X

X_H é]_XT,Y_{? ?”—YT, (4)
2=|o A]em=glh A]e

T HURR R T HRAE

cosg ising
2 2
Ry(—a)=| % & ] (6)
1s1n§ cos§
« e’
cos5  sing
Ry(—a) = |: e o ] ’ (7)
*Slng COS§
eia/Q 0
R(-a)= | 0 e | ®

WP & LR T 1A 5242 9E (controlled-NOT,
CNOT) 115245 Z (controlled-Z, CZ) I']:

1000
wp |0 1 00
cNoT@ ) = |
0010
100 0
@ |0 10 0
2 =1o001 0 | )
000 —1

H FAF (a,b) FoR 2-qubit [ 52 307 AR A7 43 51
9 aF b BRIE R (6)—(8) FHAY B LR ERE ]
A1 (9) ZRETE LU TRT LAA AT ) 4 E A 4.

S0 — 2 B A s ) ) A
FF{M YR, Horp FRR m FoRIE 1 METFA )
JE AT REAF BN 25 IR, HOR B

p(m) = (| M, My, |¢) (10)
HH i 3R G A AR 5 AR Ay
[¥) = My [90)//p(m). (11)
CERE AT { My i R SE S PEC R
Z M} M, =1, (12)

AT R TAE BT Y), (10) PRI 525 )
AR BT A AT BEZE SR IR Z AR 1.

B LA R RPN (projective mea-
surement) #AE, 1AM O fidk. O JE1E
MBS W ERJEKERE, BATE:

0= Zm mPy,,
Hrp Pyl O ANEAS A AL AT, m AR AR
{H. M A ) 1SRN ZE R m RNy
p(m) = (Y| P [¥),
HWE 5 &1 RGNS

(13)

(14)
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[¥) = P |90)/v/p(m). (15)
ALV, Y — I R AR S (12) U B4
{M,,} RIEAKEARF, HI R My My = O g Moy ],
(10) A (11) AT a3 20tk 3] (14) AT (15) 5K,
R PAT R I 3R, R (13) b A
FF P AT LAE N [om) (o FITE L, [m) FROMBEZI
sEFE BN, PL (1) R 3 a] e A AR
R, DL (2) 20 (3) 2R 3 T it T
FAEZSH T Bell 4 (17181,

e TR R S A HEA A A TR
HASPITRE L IEAR LIS 2] H bR 2, 07
P DU SRR RIS . T I EEA AR SCOCTE T
G FET R IHEER (MBQC).

2.2 MBQC EittEny

BT ESE AR, e TR R
JFAE H AR P T IU S A, iR AR TR AR
PRI A P B R i e . RERA SO0 T, AAT42
| MBQC BOAFERISLE B 2001 4F Raussendorf
Briegel® 4& H} 1) B8 [ £ ¥ 11 % (one-way quan-
tum computation, TWQC) #&#Y . {H & ™ 4% > i,
MBQC A & HAth— S BPARARY andtFRIBAE &
B F 118 (teleportation-based model of quan-
tum computation, TQC) #&#Y 9 FLF & 1 A 4%
FEIR) 73 O Sk s ] rh i MBQC 53 22.23] 28
N EZX 1WQC BEATRRE, H R EA 4 TQC.

5 R O AR AR B H AR AR A,
IWQC A PPA TR S 3 A 1) il B Bl ¢
BA, MARSEVGEH & 1A TS iEE i E
MYREE g, FF40 53 R S1 A So R 41 2) KAk
X Sy FRATHATIE N ME R qubit I, Bz FE P Y
LB EARAE RS qubit bRy, HE—L 0
PRAE BB B TR — 2P I 4521 3) Xt S
qubit FATHEFNE IE, I 2) 25 514
I, XHE R th AR So AT (4) XA (5) Airh
B R S M ERE XOR Z, DO B e e i AS- 2 B b
A 2A=26]4n ROARFG #E—A0 R IOZ A I 2
R, BB A AINE TE AT B M S 4 2 ] 4
YR BAL B AR R A B X R A Y
& PR . TWQC SH FH B 38 B A i
A (cluster states) FIEIZS (graph states)!32728,
XX A TR, 2001 4F Briegel Fil Raus-

sendorf?’ % JEAE HAT [ BUA HARHIEY A etk
o A e i P T U, S e e A T i
HAFEIZE

)e = Q) (I%@Uﬁ”t) + |1>c> - (16)

Hrr O R —&B5r i+ LLFRIE LR “F& (cluster)”,
X T . Y s R =2 A% A A T= {1},
T= {(1,0), {0, 11} FIT={(1,0,0),{0, 1,0}, {0,0,1}} ,
Yettg CNfol™™ =1, ke (16) sURRIIES.
A R i BA il iy e K% P (maximum con-
nectedness) Fl 2] 48 5 A 1 (persistency of entan-
glement), 2B UERT FFE 1WQC BRI IRAS Bl
Fefoltth, TR PGB B 5 BRI
Fm RSN JaEE LR N ES
V=Aar,ap,- - ,an } HEREANTANES EH
WHEIG = (V,E). Bl GRS Ac i 11~ N x
N, Hots N

1, if {ai,aj} €k,
(Ag)ij = , (17)
0, otherwise,

FFHX T 1A ENT S o e V, HATAP TS AY4E
G N, CVHBITER bl {a, 0} € E.

XTAERE LAEG = (VE), #nT g X 14
PR, AR 1 AT a € VTR —A qubit, %
&5 Z MM 1A EKEAF

K =x &) 20, (18)
beEN,
Horp FARFRTIS, XA Z 0 (4) XA (5) iy
HWHIERE. WX F R acV, (18) X E R N
AREAR{EE ) HRT N-qubit REEH—
WXty i m ot s, W eN T A — 4L FAE
¥ KD WA TEA R 1 LR AR S FR o 5
G XN EIZS|G), B
K9G =1G),a=1,2,-- ,N. (19)
T TR RS, HEA (K, A R
BT DURBE Sa = ({50} ) WHRE 2151 G) 9
e THF (stabilizer group).

BIZS |G mT DAAR I R 4548 LA 4% . 15k
W I A T AR ) quibit i & & A [+) = (10)+
1) /V2, SRJE XA AR T A {a, b} € E EA—XF
qubit 47 (9) R L IE#RAE CZY | 53]
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KE|G):

|G>=< 1T CZ(a’b)> R (20)
{a,b}€FE

Hr |4V = ®V|+>a.

RIFIZE A0 P62 SRR R P R A5, 0
VL 1, B P A T A 4 PR A ),
B AT R 4 TS 450 T GHZ 2510, 7
PR 2D RIS H T TS MBQCE. 7E
K Z 8 MBQC MHIETFSCH, #0451 X
TR R L B BT 1152590 AT (20) 26
B R A T TR M T A
B qubit BEFEERAEM 2-qubit CNOT [].

< @ 99
(b) ©) (@)
B REKRBREE () &S 0) RS

(c) THBFIBAER ; (d) 1T 10— 2y K 1 2
Fig. 1. Different types of graph states: (a) A linear cluster
state; (b) a star-graph state; (c) a horseshoe cluster state;

(d) the scalable 2D square graph state.

H At L [ou ) = H R (=) [+) W& 2(a),
Hrb HFIR.(—a) Fik2UL (5) 20R1 (8) =X & 2(b)
AR TN S BT 28 WAGS |+ [+) &t CZ
[V, X158 14> qubit $F T +4) = (10) £e'*(1))/v2
I, A4S R m € {0,1}, M 2 1> qubit
FIRAL S (1) + (=1)™e ™™ (=) /v2. B R T
SEMEAFE [Woun ), 1B 2(b) HLA m A EE LN 2
A qubit IEF] X EIE, Frishhash

[thoua) = X (14) + (=)™ |-))/V2

= (1+) +e[-)/V2

=2 [ghoun) - (21)
|thoutz) 5 [Wourr Y IUFHZE— AN BEARARNLE -, RIE 2(D)
EMLB T 2(a).

HE— 2D, LR T T ) B S AT
B qubit iEFE U = HR.(—7)Re(—B)Ro(—a). ¥R
LU H X IE M 2(b) R i 1 N A BT
HRIE 3 U, Hih 4 qubit 50 3L 2 B Ok [£a),
|+5), |£,) FFAFRIZER K, I, m € {0,1}, W] qubit 4 [
A

X" [HR(—)]X'[HR. (=) X" [HR.(~a)] |+)
= X"Z'XFHR, (1))

x Ry (1) B)R.(—a) |+). (22)

(a) (b)
|+) ———
|4+)— Ru(—a) = H —> [$our)
|+) X [out2)
RS (©) s (d)
|+>_..—E |+) 75
|+ I+) F
|+) I+) @
)
— | — B

K2 g TE T TTRE

(a) BT AT |4) £33 R, (—o) i€ %% A Hadamard 1175 5 (b) LA 24 28 25 114 7 =0 265 40 Hb 52

I (a); (c) 4 (b) P&, il & IF I i 4-qubit 22 PR AS LLSC AT B0 SR i F LU AR BESE 115 (d) LA 4-qubit BIEFER AT CNOT I]
Fig. 2. Realization of quantum gates in the 1 WQC model: (a) Input state |+) undergoes a R,(—«) rotation and a Hadamard gate;

(b) a circuit equivalent to (a) by measuring an entangled state; (c) a generalization of (b) to prepare and measure a 4-qubit linear

cluster state for implementing arbitrary single-qubit rotation gates; (d) a circuit performing the CNOT gate via a star cluster state.
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Hi CZ 15 D & 45 Z 18] (4 %t 5 06 & 1492 ]
A DL RZREESEN TFAEH 3 4 CZ IMIPER Bl AL
)1 H)al+) sl ), FEAAAEEE |£a), [£6), [£9) T
& qubit 1, 2 #1 3 F-455 qubit 4 BN (22) 2.
BRI, R 7 ST R T TIRCR U |+), A 2(c)
Fram i CZ 14 1A E 1(a) 7R BY 4-qubit
MRS, HDEEE Rk, 1, mAARIR R E J5 S0 1 5
AT E LA O i S quibit 4 ARG IE R, B
AT R PR LA B [Yous) = e OFATN2U | 4) - SR
g BRI REAS 0 O AT EAE—, Aot A
ZH B “Fl G HA1E (fusion operation)” 03334 i,
Ah, LR E 2(c) 1 qubit 1 AR NER
B LR [ i) B, 1247 LG #4531 qubit 4 -
(R 2555 U [9in) 25
FET ok, A48 ey 52 B8 3 B TR Y
2-qubit CNOT []. HEE 1(b) U BT 7S
AR AS S5 A8 L R E A B, SRR X b
i H qubit 1 F1 2 Jf 43 5115 2] 25 B m,n € {0,1},
DI AW qubit 3 A1 4 BTk A% H &k
(Z3 @ X{"Z})CNOT|[+);]+),- (23)

BRIL, aniEl 2(d) Frs el & X ke BIE RS,
FEXT qubit 1 A1 2 A X IR A A Y
qubit 3 Fl 4 fAH R FVE IE (23 @ ZpX), AT
FE S [Youa) =CNOT|+) [+) . B —fiedhy, AJ 41k
& 2(d) HHIHTA qubit 3 Al 2 HfE B 2-qubit
B |in) B, W20 5 SV E 2 qubit 3 Fil 4 BTk
25K [ous) = CNOT [i) . 2Bl P 1(c)
T B AS I qubit 1 Al 4 F%F qubit 2 A1 3 £
WHMEIE, AT LLISERE 2-qubit CZ 71129, L F3S
TR — B A TS AR B Al ] L p i R SR A 3
S NE 1(d) Fizs 2D Jitg B R, 3 i
VRIS A LAE 24 8) 7  46 1E el RE 8 1
FE PR S BIE IE fE PL A O R N
A O ) I8 A R IE R R P LA 53
M FRVE T W, A0 T TWQC i FH 2 1 4 i 4 5k
SERCHA, I T AT B 44 55— b I EL e
1 MBQC #ifl— BTS2 15 (TQC).

1999 4F Gottesman A1 Chuang! #2 H fifi FH &
TAL A 15 1738 FIBA qubit #RAE e 52935 B T
. B 3(a) METAEEMN 1AM F: Alice Il
U I B qubit 25 U |a) A (2) 28 Bell 25 8o0) B
14> qubit $UATECA Bell i, FRE0 & 4558 o Fil

b & %% Bob. J5 & X Boo) &5 14> qubit /AT
zbxe, BIAIA3 RIS U |a). 52658 b Alice B #4F 45
M TAE— B (UT @ 1) [Bi) } (18i5) H (2) LA
(3) A H Y Bell &%) HXF 245 [ar) F1 | Boo) BT 14> qubit
5 2-qubit L B NIRRT U A S8l 5 RS
DR E RN R A IE.

X2z Ule)

(I®U)|500>‘[

Xz Uley)

Kl 3 ETESWIEIZRAEFLRETT () —HiZk
i 5 25 U |oo) I3 33 Bell 00 4 Rl FE IE A5 45 55—, i
U Bell Wl 07 DL H2 4 I OB A9 BE G 00 5 (b) R
il & 4 I BEIRAS (I ® U) [ Boo) K IHEIAST U |ov)

Fig. 3. Teleportation-based scheme for implementing any
sing-qubit gate: (a) State U |c)is remotely prepared at one
site and teleported to another site via Bell measurement
and Pauli corrections, note here U and Bell measurement
can be directly combined into a new joint measurement;
(b) the scheme to indirectly implement U |a) viaa pre-

pared resource state (I ® U) |Boo) -

Jy—MREEAT U R X E 3(b) s, #
Aoy IR (I @ U) |Boo) 1119 1 A4~ qubit fi Bell
W, I ARSI 25 5 X 5 14> qubit & iE
VEX =UXUYVFI Z =UZU", B AT # 5E P #b 15 51
H bR 25 U o). 3XFE A9 AL 25 5 15 0] DL B i
F AR U B 2 & F AF T TRER, i
CNOT "M 2-qubit %0 FHil & %A (Ve
CNOT®2) @ T™)Y|Boo) | Boo) AT HLL Bell I 12 A1
AHRE IR IE 19, PR, SR AL S AR G T4
J7 IR AE T BE HFRERAE U MELL B0,
1] DA A A T 0 9 0 ik T R A ok [ 42 b A
1T U. £ Gottesman-Chuang H R A T, JG X
KIEHAFATEE) TQC FLAY, 41 Leung! £ H %)
T TR F HL AR A 738 R P 2-quibit 1 3k 58 AR
.

MR ENTE 7~ H one-way F 7L Fl TQC 5
R ] BB ER R 219037 38 AP TR T A i
B FEAR LR RN Z R B, TR e — 2 AR = 5]
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(an i s TR Y BY) BT S5k, JRREIR K —
LB F AL TR S AR 940, K] MBQC
B B TS ROR 5 TR 2 1 1 R G W) B
PEAT SR, SRR SCH 3 FRAMTRIR.

2.3 MBQC HitEZ &K EZ

TE 1WQC BB H | X 2D A& S P T4 E
R B qubit 52 55 AT LS IS .
3k 1A AR : HIT MBQC (193535 % U5
SEA MR LR HRRTIM, BESRP KA R
Q0 1Y) FR 50 AT LA g 2 B SRR SO Y, IR Ak
1788 MBQC MR RS TR E 2/ DA g7 feom i)
“CEE P AT LA SR L SRR JE AT B qubit
PR AR R AR T, W ST 18k
PRURAS (W0 2D FEA) B 2 el g B AL SR R S0
R R TCF G 140, 2006 4F- Nest 55 B2 5] A
i 24 48 Y5 FE (entropic entanglement width) /E 4
TP B 538 8 M AR o, I th RS A s L =
A it . Kagome ff (935385 5% 5 A 461 . AHXT
b, AT B 7S oo kLT 1D #E2S, GHZ 25, W 25
DI BESE 1D [ e FR Ge i BE 28 20 R 2 —Fh 2
QW RE T B R T, PR RS B 2], 2
I PR A o RSk MBQC RES A %0 - 8L &
I T Y 28 Bl A L A5 R AR RS AR (matrix-
product state, MPS) 4% 5% 2 28 X} & (projected
entangled pair state, PEPS) 1] LL/E A AH R ek 2
() 5t AR 3 5 B U 22280 T JE AR A 2D AR
SEPL—SE LY JERRAE (AN KRR ).

g —FiRe e MBQC BERIHRRE 1 H T
BOR A g L BB 7 1 45 B s MBQC R RIfF
1 L 2230 I ] 52 BRI A 22 IS D S iR 1%
BERUR A s 5 i e ). AERESE &S (40 1D
BAM GHZ &) LHATH 1WQC 1T DL 4 it
AL SUELAUL 242431 4300 i K B A A A
GEVERT, pHE il — RIRE R RS S 51
MBQC W] LA 5K 12 45 7 AT RS0, AT g
R 5 r 21 48 (Schmidt %) 8/ M s HA XHECR
F 1Y Schmidt-rank $¢ BEHIE B0, A5 BR 5 1 7S
THE UL DL B R v B A /N H e KB (degree)
RE R B AT A AL B T RIS, %
P Tsing ARHYRY ™A% Al e, LT ERAID (toric code)
AP F PR MBQC Al DIAT R 2 AR (17,
IX 4 [ 58 28 B AUL G B 58 A B T TR N L i

MBQC TR ) 558 M, b BB SR & 0 28 L5,
s [48,49],

2.4 MBQC E=FEESBr N

MBQC 7£ & 17 B PRATUS A £ 5 1 W .
B, E—Fhid AR, MBQC AR
H F #4 8 i F Toffoli ] 7, ## 7~ Deutsch-Jozsa,
Bernstein-Vazirani 8.5 89 D ) Grover & T8 &
GEE: D295 P AT QETIS 2 Fl i ik % 1, SR A
Simon [r] {5 101 TH5 A 2 A5 /R pR AL 192 45 f -
FIEAOCY st (HAR— 4R E, TWQC Fl L%
BHUAE A T S 53 1 R 2 I = ) 5540 1, (HT
H T REAE AT T TRIL T 05 3 B34 o, 2010 4F
Browne 55 P ) QFT 78 1WQC #5I h g DA H
OB A PRAT, DT R T 52 g0 . AL,
| 7 H AR R 5 MBQC AR AU 2 [a] it F 40 5 2
SRAISY R B R BE SR 2k B B A S 5

FLUR, A0 EE T 2 21 AR A e A
B, MBQC o 52 B A JH i i SR At 1o
AR A%. HBAE 2003 4, RaussendorfB 5 T4
B IWQC 5% ATl 2D FEAS B 1D 2945 1
HHL %%, )5, Nielsen Fl1 Dawson” tiF B T 2444 15%
FARTHABERT, REAS ML TS B2
BAWQC, IOt A b4 e e s
FN LA PSR G BUEA 5T T 2555 I (E Y. Raus-
sendorf &5 P90 iA F— 2L F F 3D #EA Y 2D 1)
F RATLAL, — i 0 2 5 A RIS (surface
code), HorbrRe e il w A X AT LT R b T
TR RS, XL MA ]S
B AH MBQC BA B A5 B (E 9192, Bl
4 qubit FIZEZAR T R S8 A S50 R [65-6%1,

i, MBQC By H & iz FH 2 X 45 gt 12
Bt T 2 AUMER iR B, |
ZE 0] a1 SR E B A E s i,
i M2 G H AR R T A U R Y
BEIRI R, M RS S P 584t (entan-
glement swapping) & T & A2 25534 (entan-
glement distribution) A 7 DA HE IR FE (M| fe 2%
) Bell AR FLEE 12 S5 5 A ok e, NE & F
THERE—F 5 MBQC B BB R L 21HE
L. Ak iR se#a I T L it IE e
M2 2 PR, PRt el GRIE 2 T B 80 A AR
LRI FL S M A8 U E . 2009 4 Broadbent
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26 166 py ki HH 3 L B PR B
W B U A B AL s A R S MR S5 %, IR S5 ks
XL qubit 4k brickwork 24484544 % P (/)2
SRUEAT I, PRI 2 SRR (0] 45 7 0, e X
R 15 33 00 2 248 LA 5 I TR B O e S
I RAR LS5 4. AR AW BT B ZE T A
P ARSI, PMSE AL, PSR R MBQC
(AR BEME ORIIE R o {5 B e 4. TEY B
A, MBQC #5559 1] DL AR AF 5 20 i | Jie
RYT278) AR SR A (7 SRR AR A AR (70
SFYEIER TH.

3 MBQC #4772 N %

FiE MBQC BRI RE 1 S N AE R ) 2L
JETEA BEIRR , U0— I FH 1 IR R AR Ak
00 ) AR T IR R 2 i Jl A A
By U 17O, i i 2 4 O X
FRERIP 34 M A BRI A S B A 384

3.1 MBQC HHIEF 4%

MBQC #5584 (4 153 58 7 7T LA 36 ¥ 21 H fir
ATV HMERR. 7E 2.3 Wb, EHER T 24 26 A
MBQC B8 PR A e 28 s U ME 2 R S AR
J& 45 BBl 28 i 7 2 i AE MBQC WA FH O WF 98 6145 :
— IR MR RIS (W ATES/2 R
FATE3/2 7248 ™) AT RS E MBQC B IRAS,
17T S 6 ELA P AR B A Y T 1/2 JCRE 4% 5 2%
/Rl (frustration-free Hamiltonian) 248 M| JC L AE
J3 119 SCHE =S ] AT o IE A A U Y
MBQC I, I BT IR AR 25 FE B (U S A (B 21
SRR B0 AR LY PRI AR AR Y 0 R A 18182,
HAMURR ) 2 P FNE Jy P B R B . MBQC 76—
LeT LT EIZS TS, BN 2016 4F Gachechiladze
45 33 45 R R RS AH H T GHZ 28X TRk
M ELA T S A S

AR5, 2009 4= Gross 45 B K& B BEHL A S
B Zalginm 8 Rmsm T MBQC B
TN, A4, Bremner 55 B t7E4 MBQC
FEAL T A3 T 245 5. SEPR 1, 2017 4F Mori-

mael* A T 5435 F T MBQC 9 % J5 2558 %
1A MG

3.2 MBQC E&E 5EFXE

TR R IR Tl AR
e, HEAARI AR R3PE (quantum nonlo-
cality )7 FliEFHCHE (quantum contextuality)®
AT AR MBQC H 3 e I 2 21 4 9% R 45
LAY RE

2009 4F, Anders fil Browne i it & X 1 >—
P P EE 2R 43 BT <SG IR AR RE 7 90 O A LR
i) GHZ F1 CHSH [n)AE A 6+, 487 Rl se e
R (1 3 75 R 24 800 VRS R TR RE ) =2 8] A
KF, Blhn 3-qubit GHZ A0 FZetEmIAbF (2 8
SEETAERETT) A RSB S BT S S
(113 T N 1 7 = X S g 11 S B 3PS
Z ) IR 1L ARSI EL, Bz [ a2
LM G B T O Ty BE IR B — 2R 4
B, R SALA] g HAR AL kAN ) )
BRI RS 53] 1A RELE R il 1 45t
R AR EAL. MR k=1 =20, HAHEL SR
IR one-way BIRUFHAF. HLAb, TR I
I8 2% FE 0 AR BE IR T AR A TR ) B RS (AN %
B, YRS, IR IRE MG S E) A AL
CNOT #:/EF1 NOT AR AN, =Fhi s
KleL, P BQP Z RN BEIFILCR. Br T H
B R T R CHK, 2014 4 Hoban 45 [0
& R B A B AR A0 A TP ) IR R

ZEER AL

=

gkl il

b

7
B

SRER

Pl 4 FIH DRI A TSR T . 20 s il 3t S LA 418 &~
BRI 1L ANE X OB £ 07 RIRAS A R Y £ M
A (@7 k), IF AU 1A =25 R iy 1A (40 @
SE(EWSE T

Fig. 4. A computational model exploiting correlations. The
classical control computer provides one of & measurement
settings as the classical input (blue arrows) to each of the
parties in the correlated resource state and receives one of [

possible measurement results (red arrows) as the output.
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i —Fh MBQC B2 X (FR Sy 2 -0 i 1y 22
LR MBCC), 1T LA B & AR A JE 24
SRR, ARl RE TR M S T
B AR IQP 5 T2k K.

5 BA 3 BRI Y MBQC ALBUAH 1L, 2011
4, Hoban &5 P $ H 76 — i i B AT 26 1 Rl Ak 2
(i 2 kiz ) HAE A3E R MBQC (non-ada-
ptive MBQC with linear side-processing, NMQCg )
R, 3 e 0 e e ] 4 2545 B i R SR ORIk &5
TR LA HE LR A R sR B E PRI L S
£ 77 Bell AEETA RIS, 2013 4,
RaussendorfP!) J@/R T 7F—2 HARABOR T, DA
IR 1 AR A R R MBQC BATH.
SCYE. H3C MBQC 1 1A BT 23R A 5
PR )R TR, AR S A RE R I 2
Wi . 2017 4, Oestereich #1 Galvaol®? it —
BT H I MBQC A& JEH RS s B AR
B SEBL T RTEETHA T A 3-MAJ [T 3 Fi A
) XNAND []. 5 BT LA AR /K o K000 R I3
B s w AR AU B B S AR AU AH L, NMQCg £
R D i 7 R AR R B i, B 2017
4 Abramsky 55 92§ H —Fp B SCME R RO SOk =
AR BT XA [A] T AL B i T 36
HP I o AN W R T RO Ok B R O R R
B9 Sy AT R iR S St R Z E
22 AR B . ILAL, BT AN B B
& 3 O M D 4R A, NMQC g 5 2R 0 512 16 24 455 A
TR EOR AR, DM S A R SR B
T N, 2021 4F, Demirel 5% 76 F5255 bR
TR 4067 GHZ k517 50 p AR 2o

3.3 MBQC 53J#r{RIPHIFAFME

LR BT AR ) A T S A 2R 2
AT FEUIE RO HFNT (symmetry-prote-
cted topological order, SPTO) B4 =971 Tfif SPT
AL MBQOC 18 5% P52 10 Z1 i F2 i —Fpor 4
PAA. 2012 47, Else % 8 i83E THiA )& T 1D A jiE
B SPT MRS HEA “B TR 24 (quantum
computational wires)” i) 45— J&PE, U1 Zo x ZyJiE
EXTRREAR DR 1D S FN 1D Affleck-Kennedy-
Lieb-Tasaki (AKLT) 25, H-AEHI1# MBQC HHZ%F
ITHY5E EFRAE. 2015 4E, Miller Al Miyakel®) J& /R

T SRR 1D SPT AHRE LME & & B E AT
B qubit [T#RVE HLEEVE N TQC MIMEAETRIR, M5
2017 4F- Raussendorf &5 M0 R 2 25 S HE ) 2] T 4
T8 — A MBQC #5151,

1E 1D Y F AR ZE B3 1, 2015 4F Nautrup
1 Weil'0U Zif i) 74T 2 AAS L ek A (plaquette
state) E£IAYIETFL SPTO, MFfE MBQC Y58
PR, HZ AW, 2016 4F Miller Fl1 Miyakel™)
$& i 3-qubit CCZ I'TYEMEN T Union Jack &
¥ b =0 Y qubit, ATLIFS5)EA 2D SPTO
IR (RGHEA Zy x Zy x ZoXHR). % T AESE
HHEFA 1D SPTO MM (WEEHES) Bl 51T
FHL qubit W4 AT DASE I B, e R
HHEINE Z2 91 2D SPTO 2 #0471 7
B nT DAAS ) AR R 45 5. 5T Union Jack 2%
ST MBQCH) TAEREER A E T SPTO
2P AT Clifford J2 808K &
K. XA IR S P T 2018 AFE4fETF
T d4EE T AR (qudit) REWAEEN Zax Zax Zy
SPT & 102 B T LA _biz HBE L[ 94 (group coho-
mology) T.HHM & MBQC ¥ % 75 M SPTO
R, Bl — AR T AR R G b 55 r il < 1
YA AH (computational phases of quantum
matter)” BEE, 1 1 HAEE A RE TT RIXTFR IR
T HITE T RGEFR AR 4 105109, 7EHUS
XL RIS R B[R], 2018 4FELIKEXT SPT Ak %
FIEFFIRE 00 £ 74 353t ) RS 36y 7 (106:107),

4 MBQC #y5L3b 3t &

R T EIEHE RS, FEREAF T Y AR T ERE
PEA NISQ HR, St 7. B 7Bk kR RS
PRAE T A5 2 AR BOR SR AT A i, THI 1) 5 2 901
Sk, REE TR L T i s T U TRkt
A T A BT SR T MBQC B 7R
SR B AT R IE.

4.1 REFEH

Jer BA RERI R T T E BB 2 A
HIBE (Al BB A sh i | 2SIt R A ) FliR
AT RARSERE AL, AR T S8 MBQC 57
BRRIFRE T — RIE T A RGN LR, F2
A5 LR JLJ 1
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2005 4F Walther 45 29 Fi| H J5 26 8 5 A ] &
4 NETFRRESIFL]M IWQC iy AT E: g+
FURRIE R | TR & T FU ARz 51T, R Uoe
K1) Grover Fik. BiJEHGFL0Y RAIFHZ
T2 A RS 28R A, Has R ARk
R AAA T 00 5 45 B ) B AL 3R 2, DT FAUET A o
1WQC ;:Ij E{/J l‘] ﬁ%ﬁ; [5,34,5(),108,1()9], 3‘?@‘3/7? Deutsch
S BUOAD Simon B3k 10, 1R ) H 5
THE 07 -2 f AT () SCHR S ) ) MBQO #5%
Y2 282019 4, Reimer 45 131 ] G+ B s [a]
FUR [ B SE RN T 5T 2 R A 1Y = 4t
IWQQC, 7 HAH XL 58 — RE 0 A T = 1 B Mg
Fek. MNBEEAR BA, IWQC A SO R85 A
FEARMEE GA B TARTY B FE R F A
}E [114ﬁ115].

TEFEFAE DR EAA I3, L Gottesman-
Chuang & 27158 #1819 Ry Fe Rl 2001 4F Knill-

Laflamme-Milburn (KLM) Jy & 16 { FH 4y A% |

FHEE RS . ST IR A EIRIMER A B e 24 R
S NEIZ @M == o i ISR NT(TIE= D e 7 U U
R TR I E 2R AT L I I i e A 3 e A I
T S 30358 T8 2005 4F, [ RR 4 R KA
TR 17 R e R SR ek
P OGR4 2 2 DL R A I v Y
FEHOR, LT TQC B G 7 F CNOT
B B, A S P T AR b B T R RS
VEF TG 1 118, 2010 4E, i dAHm4 19 4,
KR T HTHADSEF A B 2] 98 850k L AL
i1 A SR I T 58 SR TAE.

bR T BB B RS, 4k MBQC 7 24
B RO RGPS LB, 1 VG R A BRI
@éﬂ [1207123] ﬂ&n/ \/fij(%‘» Furusawa l%@gﬁ [65,1247126]
TE il 75 1 S AR A RS M S B0 R MBQC JrTH
MR T RENRGNE TR, Yk TiES B m RS
PATEEE MBQC Ik FARAS RS I A ]
(RSB S R R 1l A B 5 T

4.2 BFBHEHR

FLYE 1995 4 Cirac Fil Zoller 2™ g i 162
FTHRGEHTEFITEN TR, B —Pf T
INESTELEPERE Y, H R HBES I N ES
it 1A LUARR. SR RERRAE T DL A Ok e
FHEAVEFAEARR B+ [ SCER, PR ARG A2 fs e mT
B A R AL BSOS R e, e

T TOO S TR T AR B TRER
GiAEH % YRS R B A R 1) |
A 7E 2D B F RS R iE H T4 MBQC 7
2211 3D FEAS 129 2013 4F Lanyon 45 O i £ Z F
ANTFIZE B E 25 TR MBQC A3 1 #AE
AR, JE R SRR, i — i, %
PR 50 WoR T BB R G RIEXTF £ 75 Bell
AN ETY.

4.3 SEE=EFHER

ERFET ARG, 3T IR A1 8
LRGN i LR, i B
BRI 4 ) S BAE L ) T 1484 R0 MBQC
ARSI 7 R s B F T — 2
7 A KBRS 3] 5 QED A4S & &
P R R G (82134 4 2019 4F, IR EMRALAEB S
L% R Ge il A BT B2 0 e 95 HAR AR IR 3 70%
) 12 1 AR 1)) Mooney 4519 3£ IBM
M P 5 A 20w RS Y SO AR
FE 124 28 ULUE (entanglement witness) #4171 I,
H. Albarran-Arriagada 55 37 32 H i FH L+~
F AT TWQC HAH RS B 45 B¢ 5 i 68
FEE TR KRR R AT A MBQC 2
FE T BRI ELA. HAT A SR T T
BT =S (40 IBM Q), F R &
TR R 45 Fl MBQC AHCRI{E BB 48,
PR T T I0 17  P 4% G  12

44 HiHFZE

I, BT A B F R A T ARSI
AR MBQC BRI 5 A5 67 A [N AR
JE R AR 881800y a1 0T A AR (NMR)
F oy 02 R R J1 o (QED) M A AT
5, YR T E U R R GUE R MBQC [ S KA
BEA R FRAE L1 s, MRS R HAR
AT RLE AR AT L T AS ] R A 2 120,
XSG F ARG 7 % (R 2 J kg AR R S B R AL
MBQC 24t T B2k #f.

5 MBQC 8%k k#F % &2

Wwy AT, MBQC 4 & 715 B AL BRI R
AW PR P A 1) U IE 22, AT N B AR
TEA W R AIRAL. X B RSk B v ikss 5
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AT B,

1) ML TR A R IR AR A MBQC BEAY. 4
FESCBIE S TR, W — 2B X FR N T
(% Union Jack 25447 H qubit LA X, Y FI Z il
1 P 5 %F 2019 4F Takeuchi %5 149 ¥ 1% 145 & 48
RIS A X A Z 00 e DA S a3 2 7t
ORI R T, RIS AR B — e R ek
P2 G o i 4 N TR S 7E (local realism)
SEIFREGE M ETE, BT LRGSR 45
% 1831, Qi 56 T LA 2 1) A DR A R T R LA
YRR 558 MBQC AT & 3L BR M SE 575 K. Ik
A1, 2019 4 Gachechiladze %5 145 $ 13 7 —Fp 3-—
SO E 2 R B 2 M MBQC ROWEIRZS, HAH
KA AR HAT — SO (W RRAE : SR TR gt ]
PLSEBEE T RVPIRT AT IR Y25 CCZ
I SWAP [']; A2 IR S T2 Hadamard
TR 2 EE . L, A — 20 TR B A2 24 1
FOIATARTTR A M EEIF 5T MBQC M %

2) ORI R TR R 2 W] i OC R S
M. FE 3.2 THEAH T MBQC BRI T3¢
BRAR 2 P Z (Rl BB R, X SEIF ST Aok IR &
T A B i Ja gt g 4N 2018 4F Mansfield 1
Kashefil" 0] $ H « 7 51 SCA AR v i) B SCPE” W] fig
FEAYTHEAN Y, Frembs 55 17 BI/RTE d 4 qudit
ARG, SRR R E AL A 2 2R AL B DA T
g2 maC k. B, (A — R I ) R
HAh2ER ) MBQC & 75t HAG 5 e 1 1 T B Ay
PE? 3K FE A REPE RE A5 7l >R A X 28 LR TR
PR3 A8 B o3 A7 B S 8 B AT 25 09 A 2K eR BT L
BRI Zm X FR. Fi, dE—2 K iz i
NMQCg A & MBQC =AY 7% 71, A B M 2 e
AT B ARG A 2R R B ELAH X R e 48 M8 e
a0 SR BT AR I N B T
Bent bR 5 AR LM AT R sR A B 2 (48] 3
T BB LR MR T J2 10 1 P 22 I 29 [149) S0 . A
[ 2 B VRS AR TSR A R PR R I), PITA2
TR RE S e T I A S i T A AR SE PR S
S AR SRR, TR GBI T A I

3) 858 I Y AR 5T . BER
BYRBNMAER, BRI 1 A8
A2 XAF5E 5 1) 1031044 3.3 45 fIf iR, % JE SPTO
IRE AL S T 2 B0 A [R1 28 5] i 2 454 T A
#E— & SPTO Hl MBQC X & T IC i E h#L

(cellular automaton) X JLEZ AKX R, A8 T4
TR WIS (AR FRORF AR 105:1501)
R RARE SPT 4078 18 = 75 /) BAR G 7. 18
BT, 25 ok MBQC b2 4 i AR 455
B, BEAEHERT IR P IR R A AT Y Al 3 i
TR R

6 & %

MBQC FHEARH AR B 280 3 — 4R
RIRFLNMRC AR TR FEE, EELH R
BRORN S L A SCHE VR |- 3 H LR iR 52
B, FERRE IR R HE— 2 S AR A SRR
TEARME R HAT E 25T R AR DGR, i T
H31E MBQC () AKLT 2 1) MBQC 524884 1 Jig
BEAI IR 2R (72 45, RSO TR RN AU .

5, A4 MBQC B B i 1 filh B &
FAJFHE AR AMETT AR & TR,
1WQC 1 TQC A i A7 i F2, MBQC B ]
T8 TR A B A (S A B AR
MR . B, 400 T MBQC 568 i £ 14k
PR G Z MR AR . 1A RIBFFENZ A B 4 s
ZAR RGN AR FReE, s e gE . BSOE
AR R SRR 4 P A MBQC
RURE R B THEE R 1 I BRAR IR X 26 & SRR ]
PMEiE MBQC S50 B AL T AR 1 i 3
JREEAAT, WO AT RGN B TR
HiHEHURRE U A B . SR E R T 3R MBQC
FIAN AR R, W AE T BT B S
LLM T RRSEE IR, s B AR K MBQC #4
TR ST 7 1], B T HF MBQC R
U PR o ] 20 A2 YT AL, iR RE S 1A
HILATU SO AR A% ) JBUAHEE 28, DTG R FH 21 5T
Ffr B AL 7.

M2, MBQC PLEA R 2 g Pk i 7 £
TR R G A GRAS, B AR AR Rt | B SR
MR S B I 5 AT S AL B R
(I FUes) R, RSB E & PR e e
AR TR AR, HARSE S AR A
MIARWHE TR T2 T3 R G S B K.
R, FZE MBQC BRI R A 50K S 45 2 4
2 THRMIRRE | OCE IR E AR AR
WRHH R R, R E NISQ MU R & T EALAY
K.
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SPECIAL TOPIC—Quantum computation and quantum information

Research progress of measurement-based quantum
computation”

Zhang Shi-Hao!)  Zhang Xiang-Dong?  Li Lii-Zhou V*
1) (Institute of Quantum Computing and Computer Theory, School of Computer Science and
Engineering, Sun Yat-Sen University, Guangzhou 510006, China)
2) (Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurements of Ministry of Education,
School of Physics, Beijing Institute of Technology, Beijing 100081, China)

( Received 15 May 2021; revised manuscript received 15 June 2021 )

Abstract

Compared with the quantum gate circuit model, the measurement-based quantum computing model
provides an alternative way to realize universal quantum computation, and relevant contents have been greatly
enriched after nearly two decades of research and exploration. In this article, we review the research history and
status of the measurement-based quantum computing model. First, we briefly introduce the basic theories of
this model, including the concept and working principles of quantum graph states as resource states, the model’s
computational universality and classical simulation methods, and relevant applications in the field of quantum
information processing such as designing quantum algorithms and fault-tolerant error correction schemes. Then,
from the perspective of quantum physical properties, which include the specific roles of quantum entanglement,
contextuality, quantum correlations, symmetry-protected topological order, and quantum phases of matter as
computing resources, the close relationship between measurement-based quantum computing model and
quantum many-body system is presented. For example, a type of measurement-based computing model for
exploiting quantum correlations can show a quantum advantage over the classical local hidden variable models,
or certain symmetry-protected topological order states enable the universal quantum computation to be
conducted by using only the measurements of single-qubit Pauli operators. Next, a variety of different technical
routes and experimental progress of realizing the measurement-based quantum computing model are
summarized, such as photonic systems, ion traps, superconducting circuits, etc. These achievements in various
physical areas lay the foundation for future scalable and fault-tolerant quantum computers. Finally, we discuss
and prospect the future research directions in this field thereby inspiring readers to further study and explore

the relevant subjects.

Keywords: quantum computation, quantum entanglement, quantum correlations, symmetry-protected

topological order
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PRERR, TR RBEEI T NS (T2
) BISAL (MR Z5R) MBS, IRA B -2 A
AT DMl 2 LA R T 248 6. T,
BIREEE T R PR&ITERE I 52k &0k
7k, BAS ARG B -2k, RIIR A&
TR A 1 PR,

B 1A, SEE— MR A |- A
N2 ST BT 2% sRECKE AT S5 e A o Ak
(R, DLR Qe 1 — S8 B A8 (RS ik
FRAAES5 ¥0 Je B e Bl R 248 i o 7
BE B 5 4 e PR . TR 3.4.1 7). BbAb, IR
G- R ORI 2 A R X
AL W RSOR RN MER BE 7 A5 . R S M, A B T
BT REEE LA TTIE, St BE LU R ST e B 2
PRl Ry i 3 4 B/ 1) - ISR DR AR A T Tl i
RIRG - A M G E AL AR
B LR A & -2 AR I JEAE 2 R T
e,

2.1 HKEH

PR RBCRIR A B -2 E RO,
— R, R PRI PR EUE AT LAAE BT s A& i i il
HEAOTE, RA B -2 A i35 28 R B
ER/IM I

c(0) = Zj fi (Tr [H;U(0)p;UT(0)])

=3 (), 3)

Hrbp BR—HW AR T, Hj2—HERFFHAT,
(Hj) = Tr [H;U(0)p;U" (0)| 3R /R TE AL B A i A7
H AR, [ —H 2 e, FonXHErgs
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e |=| % ik
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HEEH

E1 RERE

T-Z M AR

Fig. 1. Diagram for hybrid quantum-classical algorithms.
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F T HAR G pR B AR B I i ) IR, S
PRI A SR .

e B4 A, B IR BT i A b A3 A
P, TRA -2 U A G R B T RE RS R AR
HOTTER. AR EOKAREAT H AN, THER R
i TR E U A LA JURl:

1) H 23R4T i 5 ok AT L
SuROp IR =g E | MRS lE R (N 2 A
(BRI (Unfroe i) b, ]S R A 5
PR G

H; = Zk ¢k Pj i, (4)

Horp Py B FEAT, H RS LR R AE R i
wrR L AP RZPRET m A&
FLORE, WIFRE R RECR m- sl il 2k R &L
AHEL T4 4t 2% pRBCTE 66 J3E 9 2% R) L gl oy o
HA RPN 4.3 75).

2) H; % EHAT o MR RAESEEES
HAEBRETFASZHMEES (Trlpo)), siE 50940
P (Tr[p?]). ISR oA O] 38 2o sS4 i 122 B
AR B AR A 3K 29 7 i A B THR (R
BESEBL B 2(a) FE 2(b) BiR). [, B+
2R EAT 2Z [0 ) Frobenius 5 & 7] LS B a0 R
B

lp—allr =Tr[(p — 0)?]

=Tr [p®] — 2Tr[po] + Tr [0?] . (5)

i AT BY Frobenius 5258 AT DL A2 #0328
1538, How W A% SRS

3) H M & WBEAs. mFREEMA A SRR
KRFFRAT, VLB 20 P AT T A8 4, 8 LI AR

AL TR IR FRIL P T
(6)

R EE ARG LSBT 2(c) . IR, il
A 3 FE I B A3 149 0) 5 1/v/3(0)—
i11)) BDAT 14 m (T [U p)]).

Re (Tr [Up]) = %Tr (U +U],

(a) 10)
p —+— ——
SWAP
o —F— ——

(b)

\ %

A
\V
p[f

5
[—

() 10)
p II |£, II

K2 (a) B ICHL 8% () BESR M AS MR L 5 () MR
TR 3
Fig. 2. (a) Swap test circuit; (b) destructive swap test cir-

cuit; (¢) Hadamard test circuit.

SHUAT
YE M IALR) NISQ Bk, IBRG = -2k
S LA OGS TR FH I 0145 7T S B S8
A5 SEbm T (parameterized quantum cir-
cuit, PQC) J&—Fid HI /Y 241k v 48 52 oty =K.
7E PQC i, HLFg— MR o 2 454

U(0)=UL(6L) - Uz(62)U1(61)

=VL(0L)Wp -+ Va(02:) Wo Vi (0:)W1, (7)

AP LRy L B 28 TR e A A7 AE,
I £ BT e B AL 0 A% FL B R (T LR
B on) FIIREE (Z80 L) ¥ 32 2B R, Sl

2.2
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FL P B A% 78 I I & b s AR B, 7 H B Y e —
2 U(6) = Vi(e)WiHh , ZHAL ] Vi(6,) =
Ile =10 Ar/2— i SR FH PR AR 26 1) 50 3 2 WL L Ry
I1(ZZ 1)) MAE ST WHERIERER, —#&
A IIfG 3T - FEAR (RN CNOT B CZ 4 FL4F 1 144 A
L R R AL AL G RE ). S H I L B R S5 AL B
. TS E S R R A S BT
FRLE > th BB 2 28 AR DL, S8R HL %
NBFR N F A2 (quantum neural network,
QNN).

TERT AR () SR, AT DA ik [ R e
S (5 BB X T LR (AN S 1km]
R ) SR AT IR AR ). AR — R
O L R A R TR, B R R A AR S A
S, BRI B — 2 U (0,) AR AR TR 9 25
), Bl U(6:) =U(6,) = V(0,)W . SCHK [25] 51 2%
TR W R RE R et . Ak, STk [21) Bt
TS S R XA R B R
DR 2 T i L, g ) D i 2 S50 ) L. ARG L, —
BB S 48 K 25 AN R ] A H B AL IR AR R R AT 55 T 9
A TLFRRBL. NI URMRRIR 0 %) L B UL

1) fE RN RO2T 2 L T 25 B ph 28 () 2 vh
P BHIHLBERL ) 7E BB | A pi 2850
X — A LR, P28 02 B A HE 00 A IR
A i ) - LA A P AR B R RAT LA A e XS
I B - F R AN IR 3(a) Bl . — BRI /8%
HIAURBERY BT FE 48 B AR EO TH A — e L

2) T ERMZLMZ (quantum convolutional
neural network, QCNN). £ QCNN H | Hi 4%

%g@

®

=

-

U6

— 16 Us(62)

1 Us(05)

1 e o [usH

JRRGHE— L HETRFALZ . BIRZREK RS
WAL P IR B, AR AL Hh PR S e 0 S
O RN R GE R AERE . At — R gk
25 PR T AR S5 R B SR N RGN TE L
QCNN FI 5K &5t B 25 25K an 151 3(b) s, BT
RGN A RIS BE 2 B ), QONN S5 R
A BELRE SR JRE T 2 TR Al 01,

3) T B Z RN 2 1 o] B R K
51 HL AR R 30 T Xk 22 U Jea 0 1Y A R Sy S e
A J5 AP ] BFRRHE. AER— UG T L 18
fref, Z8epvy 1] AR HITE R R 5L, ?di)ﬁxa‘
XARIT RGN, IXAER 2> R SR R B
MR B, BT <1 #ﬁ?éﬁ'ii:&
B ()4 i 4 A0 2 LA 22 R 45 ) DIAR URRAE. 32
TR RN R 3(c) s, TR T Ry i
B A 5 R AR R A A R (R 2
SRS B ) AR SRR A LS

ZH T AL B B R T I >k
fil: H— AT 7 A BR A TR T PRUESI A 2 95 1Y
FIRAE S A GHRE T AR SE AT S5, H 2 U faf fruk
SR TINZRPE. 26 4 SRR A R R — 20
.

2.3 MiLAFEE

o TR A - MR R s AT
55 “HOMU I T IR, BRI TT ik
AR LUH TR A -2 Rk A e P BR. W
ARG -2 Rk e ik, BT
BT IEA BRI PR ADAM 1k 9 k%

Pin {

——

U,
— } pouc
(c) :Ulwn
/
Pin —— :Uz(sz) — gg% — {01}
N=
:wsg)

K3 (a) &AL (b) B TERZEMS; () 5T

Fig. 3. (a) Quantum perceptron; (b) quantum convolutional neural network; (c) shadow circuit.
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FEA I FEMLES BE T B (stochastic gradient decent,
SGD) . LA S SEF 46 BEAL 1119 [ 25 48 S Bl L& 3 5
7% (simultaneous perturbation stochastic appro-
ximation, SPSA) 4%, TR A -4 ME b
R KRB AR AT AR BE AT LATE s b BT (TF
UL 2.475), SGD 1 ADAM #% )32 W FH T4 2518
G2 A R R 2 A B9
[, ARG RE AL T 0 dE T L B alie ik ki
FESEE | DL A 4%, XS i N 2
A Z: R AC IS A S 0R B4,

HR—$nE, R T2k TR BREEA 1 E
P, LT AR & 2 -2 8 i AL 7 i A
g . — PRSI T AR A
SRBEIE WL AL. ML TR GE MBS EE T I, i H
SRBR BEAACTE B e A D S BOE Bt 7 S A
H¥g*:

0, =0, 1—n1g*tVC(0; 1), (8)

Hrp g o4 Fubini-Study E &k &, g™ &nx giuth
W HEE—2E M, BT Fubini-Study 5K E g 1Y
A3 BN R R R T DA B i L R
(FEUW 2.4 77), Z5B IR VO, BT A0
FEPALR S ECE T o] DLEIR A -2 Rk
MESE RSO, AHLE ARG MR T REE, =T HAAR
FREEAE—28 VQE [A@h BA S SIGHE

71— REHR G B -2k i B B AL
T ERERR Ry it F 9 s/ ML AR P38l 2Rk Ty
PO TR T8 BN an B PEBT: 4k
PREL (3) i e A B R AL £ 3 — IR kg, HS
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i Hofth 28, H K B0 S 5000 2 Y mi i,
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2.4 fRITEAE
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BB B AT IFE I8 b R R — ek,
R R PR B % 0 45 SR P 42 L f b L

C(0) =Tr HU(O)pUT(G)} . (9)

AR, A0 E 2L A R % pR T LU EE SR
SE ).

SRR RN B0l B ER A R4 i
5 P AT RS A AR T N R S
RV 1] Vi(0)) = Tpe™ 00 Ar/2 et ff A 1 T Ay il 2
AR =T, JEn (9) 35 2k sR O 2550 1 D
SH
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9y, 2 ’

KF CO £n/2) TR CHEEO, £ r/27H Hifth =
BORFEAAR. P, i e BARSEUR TR IR
FL A i, AT DA B K s EOCT BAR S5
JEMH. #E—20 M, A — SRR P AL S
BRI FEUE B (AR IER AT, B s R
FHS BT B ML) R AT SR fff AR ) s B 48

PR SECERBEIMN Z 5, 57— Rt S 50m
2 W S8 (10) 2Rk

aC(6)

90y,

KU (U)ERSE O RS BT
HI (Z)5) B, BIU_ =Ui(6,)---Ui(61), Uy =
UL(01)---Up1(0141). WL, 24 P2 75 847
(P E N R BB A AT, B6 B ] LLE AT 5]
A Bl F A28 R e R F I (UL 2.1 ) TR
3.

e AT B i F ARBEEE Y Fubini-Study
JE R i R R A LT3 B9 Sk [35] % BH, Fubini-
Study BRIk A BRI, g = diag(g™,
g®, -, gy, HXFFFHERE gV B RE T AL

9 =Ti[P;PU_pU! |

= (UL HU,PU_pU']),  (11)

—Ti[P,U_pU' ITX[P.U_pU'],  (12)
AL, SE N O AT A R A T AT LA A 2
JEE g 14 43 HROGT Ff HE BEAE AL.

2.5 tERBE

AT 05 T BT IR A -2 A it
ALK R BT IR B (RS BE 5 5 I B k. ANk
— B, R B R C = Ti[H p,, |, H
Hopou Hn L BT, HTE TN
FIREALYE, ik pR %L C 50 By b 3d 1o P 5 45 SR A
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fHIN C = 3 et

AHEUE O 45126 5K C ARt E[C) =
C. 25, KR YR SCHR [42] AT, AN TR
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mTS =0 (13)
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Hor {pe M S EARIEAS R AIZS, Sl B o=k — 1)
(ke — 1, wr 2™ K5 BRI NI IE S8R5 il
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U(0)psU'(6) = |ex)ex], (15)

Horltler) i HES k/NASAAEAE X R (14 A AE 7]
BI H A5 kORAS. R, Y% B 2 i)
i, M52 Tr [HU (0)p U (0) | B JEK AR
5k /NDAEE, JRRRER RSB L AR .
312 EoeTAEMAL

SHRA IS (6 fAk) 47 BT IR AT TR i
TGN 2T X AL (variational
quantum state diagonalization, VQSD)* &k K
fEve A UM bR p £t WA e 7eiT 50k b
e, MUpUT =3 ;i) (7] #£ VQSD 1, id
p=U(0)pU(0), 115 MEURAL T WiFhLI

C1(0) = 17— D7) (16)
Ca(0) = - IF -2l (7

Hp DERRBENMARTS LW (564) 2kl
I, D;FRREE jA 2T HAMERR (564) £
WAbEE. BRCLMC%F 0 Y HACS p LT
Xtk B, a2 pR A 0 B AT 58 Al it
FAMXTAAL. R, SCHk [44] 28T T BFlE
B TR R SCHK [44] 35, T Gy
A TR B AR LB, T O B B A 1 mT I
P, FESZBRYI SR AT LUAR S e FERREO A 6 e
PRSI T IR FIAE Ry S5 2 (2 R

(EAS—HRE A2, H I B0 A A A TE
% pR B B XHE M, 3.1.1 95 SSVQE Xt iE
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e R G A U AT BN . A8 1w S
fi# (variational quantum singular value decompo-
sition, VQSVD)! SZHUAT: 22 U7 [ M (145 518 7
fift. VQSVD H, $51 pRBCE LN

K
C(61,02) = > wi x Re (k| UT(0:) MV (6,) |k) ,

= (18)

o [l HE R B IEAS A, wp A B
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HRE fR A {24 ELAY Y
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F 0 7 A TR 11 32 B 1 DR/ INH U T
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FEAER RS, W TR s HAT a0 R P
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SR Ik B A —AN B LR, K POVM
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HP Usasr(Xa) = TralU(Xa ©0)(0]5)UT]. FIL,
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RO TT 53 p, o 8] (300 FE B Al 1. (A 3R 2, 76
3cik [49] H, (24) 2Uh (20) X4 H =1/2(p — o)
B

3.22 MRAEAEH
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T A RS A 4R BE B 8 1 R B R AR B I
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XA, SCHR [20] 8 T — R A B2 U
FEHTEMERIRAS o RS p ZIH R EE
B 7 % (variational quantum fidelity estimation,
VQFE), -4 X B A TR B A H 325
PRRIE X p XA RIBOLAEAE 725 6] E Y3
FRARETTR o TEZIEA IR AR TR
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/RS EH (Uhlmann’s theorem) 45 T i1 54T &
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SR 2N R B IS pa Ml oa Y
i fb 2 [) ar M o) ar . SR 5 IE 2 2lik b4 Bl
FeRRAY E H R DL S 2 B A B vk e e R A Al
WS Z RIS TE S, RIS IR BB it
Flpasoa) =max| (W,n (11 © Un) [9) ag |- (25)

Horp A FORIEIR R R 23 0], R Fonaifb 11y
Hrg AR Bl HURR A 25 ).

3.3 HEMLEE

WA RBUE T BB AT TR AR & h 4k
R — i, WA TR MR R e K ) R A
#1) NP RXER] SR & T 20 A PU Ak )8, G 2 [n)
AT LA % R e /b (8l K AR) —A~ B bR ki %k
D(z), Hr o h—2H By kil Ar it

TR TIHAL L g ez gl SRk, 75
BB AL O R . e A AR N
J TRl H AR sR L D () St Ry a3 i B Hp |, i
TG B B P S 7 ST Ak T A fi 1. SR
ZH A AR T R 5 1 SR A A 2 i R 28 Y ) A
RIFR B — A7 ) #45

C(l¥)) = Tr[Hp [¢){¢]] (26)
e/, MRKIE SRR G =TS AR K. R
VQE 1B, 7T DLR S50k & 7 i % 5 3RS
[0(8)) =U(0)|s), Hh i 735 |s) Jy it 7 L BB 4T
ATHIPIEAR A, 0 T H TPl fb iS4k,

iw I L 5 7 (quantum approximate
optimization algorithm, QAOA)! $2{it T —Fhi%
THS 5 B B 0 R B, 125875 B W) B Farhi
AR, LR T AL, 5814
I (quantum adiabatic algorithm, QAA)P2%
KL, QAOA Z R4 e B i &, M 2Rl 4 4
AL S50 Ak i R BOR SR i i 9% I f Hp 1 2
AL M e PhoE B, AR — > R G0 Y G 9% i

] i AL i H () = (1 —t/T)Hp + tHp /T % i,
HWIIRIIZ R GEAL T e % i He BREZS, TS 408
WA A R ALI A] T, RGERASE TR
Wi Hp A, I, R s — s S T
Tl 28 (4 B IS 2l i H , 4 HILZSAE W) 4 1
SAE B Trotter SR AR AL AL e 25 i i H (t),
A RER RS E R Hp A, R &8
ATl e . XA A R v] DA a0 T
SR AL
[U(v,8)) = Us(Bp)Up(7p) - Us(B1)Up (M) \3(>277)
Horr, Up(y;) = e 1o 1 Up(8;) = e M 53 5l
SEM R Hp 56 %5005 He X0 1 S8 P45
v, Bl MBALIIZEL p WRSEAL I Z L.
L, QAOA M EAAUAT DLt 2 5 11
FRInl R, A 1 80— S8k i i, B
SR AT HLIES, AT T2 R T A ],

3.4 ETFHlsrEd

LR AR S R R AL 2 T A
LS. LA 28 I 25 53 R A3 i 22 N 2%
Pefbss. M FHLE - SR L i 28 X 4%
el A I R ER AT, IR A
LM F FIF T TP 2 M 2% i S5, R
M b s L0 P 2 4% 38 H 15 0L
T, EFMEMERSHbE FHRERIAN. &
FALE A BRI HE F I T a8 B B R 28
W Las 2= 2 F A s, T EHe JLRV R R
LA AL AR a2 > AL 11 2% BLous g
FHE TR 4% oSO i H i g 0708,
341 ETH LR

FERLAS 2= 2T Th, 4328 R) R A H B Y B 2
IR 2o B S T b2 — 2 A I R A Y
TR, M AR A SRR, B4R %R
P A AR, DT 58 15328 43288 R) RT3
S E— NG N BE 4 (o),
YNV o a2 i A, o™ 2 HdiE bR 4
ZAESS 1) B B Rl I R R U Rt e N 4,
TRAZCPH 25 ) 28 7 38 B AT A BT A0 5040 i) B A8 A
IEB 26, fEd T 2R EZR T, B s
W2k FEERIRIE NS a7 i %, Mitarai 55 ()
Ph K Farhi 1 Neven!*!] R I S50 fb 2+ I 19 45
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WA SERL T — AR M B RF 425

BT, 4 W BR 4 2 2 S B,
D3 K — A T 2 225 OB 2R
A BT 1 AT AT O 1 R (T2, B
28 s [y B TR S UL R TR U(0)
I AE RS 5 9 725 |, a3 u(e) )™,
B, S5 SRR R ELShR A RIS A AT
B O MRS,

0O)=3 (s~ wU'0)0UO))®)". (25)

k

il FH 2 AR AR X R pREGHEA T AL, AR
WA S T R B T I S 8L, ARG sR BRI
S e/ IME. EAER M Z, gifS kDl T
22 L5 2R AR ME—. A A 2B 5 2R A 22 ) 245
REAZ L =5 40 S48 003 47 1R AN TN e e, PRI
BEXTANTR ) 8, N7 B I 358 FH SR AR 1) 2 7 X
i FH ) i o7 =2 09000 58 FE AR A i | i I G
i RS IQP Zifith. e Tz MLk Rk bE
FHAE 4.2 TEATIE.

(HAS—4RAY 2, STk [31] 20 TR TR T2
D5, RIFAE FAAE R HeAs s 7 i e Bl
ZHAATS . BUESLRAS RN, M TEE R T
Y, AR R TR R A 258 T, [RIRS R
W T MG SEL BT IR, BLsh, A%y
12 06163 g JE ST A REAR AT T . &
WA T iE—RE, B A TR el i R R B
JEUh S A B B R ik s (] L) SR IS -4 4L
PEords. WIS POk, M TE Mk, &1
K5 AR R B 28 ) RBRS A S %) e sk 641,

MNIST £ k% F B, &5 55
A Sy R ) £ s . Wang 45 ) 8 5 1
A ESZE T X MNIST B F5 <07 M
U7 TR, SREHN A BEERR I 98.58%,
FLZBEF 1) 43 BEAERR 2K 99.10%. FERS i T2
AJrkh, ARSI 35 A~ S8l MNIST
) 43 AT 55 e R 3L 31 99.52%. T #E MNIST
FA3 AT S5, LA 928 DSEUNE LT, HEH
Rk F 87.39% 31,

342 ETABRMNIMEL
A X BT M 2% (generative adversarial net-

work, GAN) 6] 7 25 2 5] gy e 25 5 21 ff £
GAN 8 Fh Az s R 0 g PR 3 2H ik, Hevh A=

AR DL M 55, DAL A R Ak AR i 2R
P33 BB s F R B AN 2k
FLIEE, i — P(x), Fon AEHE « 2
FLSE AR A
T A RTPT 2% 556,67 (quantum generative
adversarial network, QGAN) ) H 1 & #| H & ¥
T2 sk 2 LA BT M 2& I 2k AL T
GAN, QGAN Azl iy 2 B T2, A4 4L
. 76 QGAN WHESE T, A= plids G FFNES D 53
XN A SEU TR UM Up . A
1) B AR iR/ MBI BRA, DT IR B A8 1 i it LA
AL ELARICR ;s F ) 0 H b2 i KA S pREL,
SR AT REH o HE T WP SR, WP AR A
AR . T DRI 2R AR A R B AR I
GRIV) 45 J 205 A AR AR 1) 2538 BN A I A
RIA= B A B4 T AR L SE B e g, TH i g
TCVE P X oA B A B S B, — L, &
FXFHA L 4 LA BRI W] LA B DL R IR
rrgn max C(G, D), (29)

Hordr CARYEAT 55 WA [R] 0 AH N A8 Ak (BAS I =
F&, PR R G R AR R Ty =, B
W G, %k D, KI5 H i E D, % G, ANErfE
.U PR T, B SSIS, PR IR F
Zua ey

QGAN HZAHA) GAN KJEME, Bl QGAN
WAk T 28 GAN A2, il ZeAatase | il
ZBUR R R T 8 FE AL 5 . A 2 LA, WGAN
(Wasserstein GAN)S fift ol 7 GAN R BREG . AR
o, 7E 7O, QWGAN (quantum Wasserstein
GAN)IFg#E BT T QGAN ZUER. s, &+
XFHTUAE B 4% B 7 vk L a9k i B4 FE55 1, He
WHESR A3 A 1) 2] 10-720 AR iy 2] DOT) | -
FEL 6 R 272 > 169] DR 2 2 g i) 741,
343 ETaAHRAE

- H g M2 [ gufid s —+F, HB2 i g
T RS 2R AL AR, 2 T 4R 8, S TRIE R
A —FPoEE. TR S F gmhdas b, AR EdE N
BAEETRGE ABWE T pap. ¥t as E =
U(0) (R8T i) IEHER 8 L, 152
U(0)papU'(0). iAW T RG AB WG B4
mElEFRGE AL X TEFRS B, 2R
AT BEAT IR 5 R0 AT, B pa = Trp(U(0)pas
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Ut(0)). 2it, B4l T 5 BES. T
it WEGIAS RS BHIEMFEN RS O, IFH
[ Ko 738 po. BJEH IS AR D =UT(0)fEH
BN RFREA+C L, BRRFE RS
pac =U"(8)[p. @ Trp(U(8) papU'(6))U(0) 7.

FE T H i, 451 sR A — A P e SC
Tk

1) BT F gl AT 55 2 6 B 151 T 4 i
IR, A B4 I T2 pou AN T2 pin
ST REHIARL, BT ABR pRECE SRS TR
PRI F, BD

2
C=F(pap,pac) =Tr ( \/pinpout\/pin> . (30)

2) A Bk FE A 35 LA, | A5 —
AEENSART RS €. 555 AT, M
XFR Ml , 4R AR T IFR AR b F R G A fle T
F5 BARRSRORLTR, th T B SR BR O R
GG R T RS pp M AR T 25 pe 2
(s, B
C = F(ps. pc). (31)
(AR VE RS2, PRI B T A5 P A 2]
VeI P R T LT 1) AR B R
MM, WU T2 pap oA IO T VLB T
HFRG A FREAN G L, 52 5T 0 o
AR S B . SOk [58) B T — R L
T TR L LS54T AP E AT T (35 B
P4, FIFLABA T ARS8 L, 3200580 740
T R AR A1, 15— FREE e T (518
S A,

3.5 =T

A T AR O IR S R 1)
UK EASZHE R T IR B 125 ) 4t 2] n
PrEl T IRE, R ER T, ; 2) BiFE T
&) G M EIE N IR (EIE t BARRE {5
FIUE ; 3) LEFRIE W 22 A I X 22 1
AN , 25 T B & LRI 2 IR A
D5 4) A58 UT (A 518 U300 ) B LR
i3 i A RS RN AT AP . A (i 1E
U AN EHFIE W PR A 5507 R ptERE: EA151E
UT oW o N o U I FRAE TE M5 18 BT, 2 B 20CR
. R R U A B T e R B R O AE

55 ARk, TN B2 M 2 b g 2T BOR
P BT AR RCR 58 S R T AR s T ML A TR
A2k RA -2 ksl
TSR LIAE TR E S B s i il LA 2R
JERE PR R AL, OB SR i1 1R DL K
PRNEAL A5 BTt S 2 B AR O A 21 57
Z. PG BARRIER R TAE.

D)L
Gty I e e frY

k -l-—
WU _

|W>+u N

|0n—k> —_

07)

Kl 4 SEFAEEAER: &8 (o) #H RIS EE U R
T, 250 M7 (53 N i FH 20 A5 W A IE AR, R
FHRRAD A5 U RS, 38 R AR T

Fig. 4. Framework of quantum error correction. The
quantum state |¥) first is encoded by the encoding chan-
nel U, then passes the noise channel N, and then is cor-
rected by the correction channel W, finally is recovered by
the decoding channel U1.

SCHK (78] $ AR A4S QVECTOR
(variational quantum error corrector). % J7 % Y
FA S A AT 4 BT 7S B 20 A% 1 38 U 21
RIEWERR NSHA R TREEUC) =TU0:)()
Ut (6:) MW() = W(02) (YW (62). RATIEE 17
{18 UT(01)W(02)N U (61) 4530 o #5188 3 B A TG 14
fRIE, P RE SR 27 2 ff BLREAR gt 2k
PRIEL:

ﬂ&ﬁﬁ:iAMWMMWWQWW%%N

UO1) (X)) [¥) (32)
Horp () FE R RIS . W T 5, 12400k sR Ak
Z0HE T RS T BRI A B TS LA R
110, M F(6,0:) = 1, XF RS 800 Mk 7 L i
U (61)Fll W (05) SEBL T X W s 38 N A9 58 4= 21 4
AR = 0 P 2-1 31 9 sl Rl Py 2-3 3 00 i
TTBENLRAE T AR A TH R R AL (32) . 5850
BAEFRA, AR R TS 092 QVECTOR
SR A A PRI A M P A B G A ASCR.
1 4 W0, T I Y S 515 I8 OO Bff M
il #1255 S
Wk (7913 A FTR A -2 U A8 9, H
O A AT (W) 9 B8 P oK 22 G oy B A
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W BRI () BEAS A 1 5, R AR A i T ARAE
SRARAESR A FL (325 Bl B RARAE 1) 55, 6 19
BT IR S (253 . 207 0 SR T
RS IREE HLF I LARAE T 09 g i H
(R 7 . (R S LB R T H R A A IS (O B
ETWHHBET NS = (91, -, gi). E4H)
T4 HE T H R T A 1 9192) | Steane 2 A5 194
Fil Shor £IAEHS 199, p s TR 5 SCAT A, AR
k=1, KX g W), = &), . & |0F) IR,
(IIEAERS, & AT OL = W) (], — |[wt), (Wt
SO, = @), . SR OL i iR T4 |0),
(I FBUS B SR E

K
H := - Zk:l crgk — 0L,

;H\:EFI Ck, Co > 0. F'?ﬁ‘:lﬁ%iﬁ@h% HE‘J%%L&ZIK
R CAD I
A BT 255 RS Steane ZYEERS M5, T KA
[ F s 2% LR 7 ik R 4 B 1 T EE B
IR A A L

(33)

3.6 HfwHA

KYENA 3MAEEZE T LB 2R EEAR
FHEMIRA & -2 Ak e se8 gk my i A
EF AT BEA — e RS &1
36.1 EZTFTAHMEKMSE

AR oy w26 K A
linear solver, VQLS)P6—9% SLIIZE M 24 Ax = b
FR A, AR —EE, Bk b 23—k, VQSL
HRKER AL EAS A=
Zj cj A;, MRS —fL ) & b il 48 X Ry i i
Aoy, IHE|0) B ASEAL T2 |2) =U (9) |0),
SR e/ IMER R
Tr [|b)(b] A |z) (x| AT]

Tr [A|z)(z] AT]
(b Alz) (x| AT |b)
(v| ATA |z)

2k Ol Ay el AL

> ok (o] Al Axlz)
AT KA =D o A IRABUR BEOR, B M
(PR AT A T AR, ik

(variational quantum

C(e)=1-

BRBAEALZE C = OBf, 4 A [2™) oc [b), IHFH52
|2°P) /| A o) | RIVSE A 7 R SR A

3.6.2 2@

ARy 2 JE A (variational entanglement de-
tection, VED) P Fi 1% Wb i) vER 32 e (1001,
Xf?gﬁiﬁﬁp > piwld)kl, ¥ EBSE TH I
WS T(p) = > piklk)i]. XTT%ﬁg?j‘pAB,
g%ﬁlfffﬂﬁ — T RN papTE B RS L
T3t S ) fe/ DARAEARL/IN T 0, X RO R FR A

PPT W (positive partial transpose criterion)!!.

Peitt, VED i@ it pap il % B n 0 e/ NSk
(LRI P 7 2M 8. Fh T B AN S8 42 IR, A
RETEN LA b BRI, SCHR [99] H5 5% B 73
i R T IIER L G, B 5T AR A X H
FEPEA T BERLRAEAS BRI G pR B Tefi £ 3. ST
Bk [99] [RIREZE H T A 20 280540 5 2% o8 IO IS5 Y
RT3

3.6.3 THAESFE

A TSR AR 2R R Y A 2
W OCHDL TR, g M B H, HOO N ) A i
DR H
e AH
Tr[e=PH]’
Hrp g =1/(keT). T3 MW A5 R4 H H6e
e/

PG = (35)

'S(p)},

(36)
Hrb S i35 p K ER S (p) = —Tr[plog p],
BETIZAE O] IS HRE & -2 U0 it i
/ME A T RE A 5 AT X T AR A i RETE
A LT, SOk (102, 45] 50 0 SR L RN 7
5 SCHR [102] K5 ik S0 vh i 3 B0z 5 TT L
=GO, B S BTN A B RE; 1T
TR [45] ELHRHS VAR 20005 e TT i 28 B O T,
b5 A A2 R S ES MRS ()
Tr[p®| 1 Tr[p®]), MMttt A i fE

3.6.4 EEEL

HE I AL 03 SRR T RS T H,, #0712
Fﬁfltl:y%fﬁ B, A5 BT e oA
WA AR, — SRy H AR T

pc = argmin, F'(p) = argmin,,{Tr[H p| —
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R ERE R e HE FE AL, | T
[f] 7 = it J AR, X RGEREREC e HT. AR,
BALIIETE S, RENREE WL, RASTR
ETERGM B RER Eo, Hl 7 = 00, Eys — Ey.
BRI, s AR T TR RS RS B
TR e A B R R T AR Y Y, el e
A3k 7 A s VA A 1Y) DG B
BLT M AR R RR IR MR BT, SCRR [104, 105] £2
T AR A3 E R RS e AL R TR, O
TWHEAS RGN ISR, |0, WEH& 1
B ERZS [h(0(r))) = V(6(n)) |0), Hrr, V((r)) =
Un(Oy) - Ur(8y) - U (0)UFREHE —RINBET,
XEATLAV(0()) Y1ESE b . =0
i, ARERTRENVIGRA. i, XV (0()) 1)
BN SHGHA T
O(r +67) ~ 0(1) + O(7)dr, (37)
Herfr (r) i TR 0 SRR L R g 11X
Nr = Ttotoal/STﬁ'\, %*ﬁfm@lﬁ‘MT =0 —= T = Tootal
AL AR . AL A I ) A I (S RE A5 15 3]
ROl H R 5 ME, B
Eo = min(y(0)|H[¢(8)). (38)

4 # &

ARG R T-Z ML T 2 BIe M SRR I
WAERATE SR AR ) AT R R I, 40
ATHSRAFA A T T TR ) A5 Bk . A1y 2 A 24
3 TR G -2 SR AICR B i 29 D S AT A
AR fige R SEL 0] DA MR P RO | LR IR BE T LA
AR

B —28 NISQ B3k, M TR A & -4
BIER AR ARG . KR L, M AT 2L
A3 AR AR A MR . A IR G 7= A T R
JE TR AR, SEEP TR
U (0) N SEPRihAT i J2 U (0 + 0). 3 AR UL, AH T
PR F 2 MR T R UL I A AR R A5, iy
S SPSA X FfA B 3l 25 X S 500 A= B ML 201 1Y)
PeAbTrik. BB B AEA TR A A S X K R
B BRSO = A S ), A AR AP $H ok A fe
P E, R 5 Br. SCHk [106] F1SCRK [107] 435

MEBEFNILE EOTSE TR X QAOA BERY
S, 48 QAOA T3k XK B v A1 e s BLAT
—EPUHE; SCHK [108]) i —2B 85T T QAOA Bk
s bR SR AR T Fisher {5 B AHE; SCHR [109]
15 A S H S EUR AR -2 B B
TH R (a8 SCRk [110) £, 7F—B i AL 45
(AR 53 TGk ), AR 7S (A5 401 2K pR RS (R AR
PRV (RS2 e S EOBUE, AR
A I A S R IE AP Sk [111) 3 B S Sk
WS Has R XTRR T, S 2G4 R A b &)
BRI, ATHGIOCAXEE ; SCHR [112)%) e 1 A7 g
M FIRA B - AL M Wk N E 4%
WEBH T RME S 25 R IR G & -G M EAH L T
MR AT AT L

4.2 HERIEBESN

2.2 TR, FESBUL R B AR A R
o RS BRSNS AT e 2 I EE AR, AT
bt B 55 R T BB R A 2 (B]. S8k E T
B R TR BE 7 T XL B A Sy FL B PG T A S K
B T8 1Y PG A2 W R A RN, — ROk U, SR A HE
PEEA TR A FRIARE T, (H B TREE R i 2af oR
J P R R AT I R R . DRk, ] AS A H
REE S RIRERTT, VWA T 3RIARE 7 R iy
PR RIR G -2 UL THI I A F 2 — TPk K

HEl, —F e AR 1 I T H i
T A2 5 B 5 B AR R R R B3 22 (R
Frobenius &, %80 255 f i & 18X
) PR ELBE A0 AT LA O, AR S B %S
e R o3 A ) DR L RE AT Z ] Y K- BB X
U (0) %156 )37 =k

EWU) = Dk (P(U, F)|| Paaar(F))

1
= /0 P(U, F)log ;SZE?;
Hrp Dxo(A||B) £n BEH 504 A, B Z 8]/ K-L HL
fE; P(U,F)Rxg UTERA0) HZ%0 0 b
B oA, BEALA L0 ) —% A A R R L
AIMEAR I35 Prtaar (F) 2878 — X /2 M5 2K 2341 1) B
Bl A 1] 1 P BB B ME 32 00 A ELA i BT o -
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dr, (39)

210302-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 21 (2021)

210302

5 TTME (Z2) SA M () & T U BRECR IR L

Fig. 5. Comparison between noise-free (left) and noisy (right) cost function landscape.
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SPECIAL TOPIC—Quantum computation and quantum information

Hybrid quantum-classical algorithms: Foundation,
design and applications

Chen Ran-Yi-Liu  Zhao Ben-Chi  Song Zhi-Xin
Zhao Xuan-Qiang Wang Kun  Wang Xin '

(Institute for Quantum Computing, Baidu Research, Beijing 100193, China)
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Abstract

Quantum computing, as an emerging computing paradigm, is expected to tackle problems such as quantum
chemistry, optimization, quantum chemistry, information security, and artificial intelligence, which are
intractable with using classical computing. Quantum computing hardware and software continue to develop
rapidly, but they are not expected to realize universal quantum computation in the next few years. Therefore,
the use of quantum hardware to solve practical problems in the near term has become a hot topic in the field of
quantum computing. Exploration of the applications of near-term quantum hardware is of great significance in
understanding the capability of quantum hardware and promoting the practical process of quantum computing.
Hybrid quantum-classical algorithm (also known as variational quantum algorithm) is an appropriate model for
near-term quantum hardware. In the hybrid quantum-classical algorithm, classical computers are used to
maximize the power of quantum devices. By combining quantum computing with machine learning, the hybrid
quantum-classical algorithm is expected to achieve the first practical application of quantum computation and
play an important role in the studying of quantum computing. In this review, we introduce the framework of
hybrid quantum-classical algorithm and its applications in quantum chemistry, quantum information,
combinatorial optimization, quantum machine learning, and other fields. We further discuss the challenges and

future research directions of the hybrid quantum-classical algorithm.

Keywords: hybrid quantum-classical algorithms, quantum information, quantum algorithms
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Fig. 1. (a) Crystal lattice structure of diamond; (b) energy
level structure and optical transition processes of NV color

centers.
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Fig. 2. Comparison of non-zero-field (a) and zero-field (b) methods. 0 is the angle between the principle axis of the molecule and the exter-

nal magnetic field. The position of the spectral peak varies with the angle in the non-zero field, but is always constant in the zero

field.
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Fig. 3. Energy levels of 1/2 nuclear spin and 1/2 electron

spin coupled system.
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mental results.
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SPECIAL TOPIC—Quantum computation and quantum information

Nanoscale zero-field detection based on
single solid-state spins in diamond”

Zhao Peng-Ju?3)  Kong Fei V23  Li Rui??3
Shi Fa-Zhan Y23  Du Jiang-Feng 1?3

1) (CAS Key Laboratory of Microscale Magnetic Resonance, Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China)
2) (Hefei National Laboratory for Physical Sciences at the Microscale, University of
Science and Technology of China, Hefei 230026, China)
3) (Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China)

( Received 23 July 2021; revised manuscript received 6 September 2021 )

Abstract

Characterizing the properties of matter at a single-molecule level is highly significant in today’s science,
such as biology, chemistry, and materials science. The advent of generalized nanoscale sensors promises to
achieve a long-term goal of material science, which is the analysis of single-molecule structures in ambient
environments. In recent years, the nitrogen-vacancy (NV) color centers in diamond as solid-state spins have
gradually developed as nanoscale sensors with both high spatial resolution and high detection sensitivity. Owing
to the nondestructive and non-invasive properties, the NV color centers have excellent performance in single-
molecule measurements. So far, the NV centers have achieved high sensitivity in the detection of many physical
quantities such as magnetic field, electric field, and temperature, showing their potential applications in
versatile quantum sensors. The combination with the cross measurements from multiple perspectives is
conducible to deepening the knowledge and understanding the new substances, materials, and phenomena.
Starting from the microstructure of NV sensors, several detections under the special magnetic field condition of
zero field, including zero-field paramagnetic resonance detection and electric field detection, are introduced in

this work.

Keywords: nitrogen-vacancy color center, single spin, zero-field paramagnetic resonance, electric field

detection
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Fig. 1. (a) Mobility of Si two-dimensional electron gas with time. Solid squares and circles refer to undoped structure and doped
structure, respectively. The black, red and blue color refer to three different growth methods (constant Ge composition, Si/SiGe su-
perlattice and the graded Ge composition). Inset images show the SiGe/Si/SiGe heterostructures and the schematic band-edge pro-
file. (b) Effect of threading dislocations on electron mobilityl®. (c¢) Effect of Si-channel thickness on electron mobility®. (d) Effect

of the spacer layer thickness on electron mobility!6l,
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A RSHE/NE QPCs (quantum point contacts) (™
Al g 530 if ) R EF AR R T IR 1 meV
WL T AR T LR, SRR AB AR, 7]
TEmR G B R R . MR 2R oA
VIRIARTIE, e 2 B R T A B =4, S 2T
il & o G B Si/SiGe S

T AR T A 4R R N SR T A R
SERRARAL, A AOREE B R . TERT I
filh I, ¥ ARy SiA R 4 B R 67 FR P 4l 25Si
BB FEARAZ EBEXT HL T B e R, 1T LK IR 42
5 LR A T ] . 2014 4E T 2015 4E, Veldhorst
2 [23.28) JLF 2881 MOS 4544, # B 7 A e L 4R
PR SR HORRE AR TR A S 120 ps, AT R
)ik %] 28 ms. A Si MOS 254 o A1 1A [a]
P B R E SR A 2020 4F 35T FEAE AR ) e e didsidss
SCERAY 18.1 psBl. 2018 4, H A Tarucha fifF5¢ /)
2] 121 B 28Si /SiGe 5S4, T H gL
FRE AT A AR T 20 ps, MR EE T 99.9%.
2020 4F, f8[F Struck %5 B2 [AFEHL T 28Si/SiGe 5
A5 B RE, (R T [ 5E bR R A TR R AR R T
21 ps. ¥ ) Si/SiGe 5545 B H HLF A e EE
IR A T B 1] B s il S E S 2016 4F Tarucha i
LA T SEIRAY 1.8 ws. BUER BT, XFF Si MOS
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SERAN Si/SiGe BIFPEEHE, ST A7 REL LA RLTY
AEARST R AR LA R R B & T R T AR
B AR TR () SR AR 39,

3 HETUHEMHARHR

Si T A7 i i LA E B9 Si0, A1 L JR T AR
N TR T U A, (ELR S PR £ B Y
K&, HilE&H TR S Ge IRAM R BN A
HUZ, HSEBL T Ge BORHE Si LAY 5 i SME
A, FIRE S P ARARE Ge HoAT B - S
B 2 TR AR, NI Ge B3 SiGe N TR
JEEIRIFART R AR St B PR VAE AR

BEAb, Ge M4 RHE 11155 st DR HE b A )
DI 32 R BY. —J7 1, Ge HA W A2 /T
o A/ N A S50 190, Sy S B g Jor e Y 1 A
feflt TR, 5 —JriE, ERA KM g HTRLGR
1 A - UE RS A ELAR ] 65T HL g R ATl B9,
AU B RERE TP Y A L or A T HEL, Ge A
M2 A BEEAT ERF O i, ST AH EE, 250X
1 p PUE 5 TR PLE S BN B, A A i
7 | 7B B A R ELAE AR, o mT DLSEBTER% A iRy
[ LR AEAL Y ™ Ge, 115 Ge 257X A JiE T ke ]
PLHA KRR AT H]. 7EASEH 207, Ge RE
S54RI St T2 JFHILF A e imE S
Ge A, #RAES 2K BELATHLAE M A AL BT,
PR RERS 55 Ge JE AL R 1 A OCAREAE fish 00 ]
£ Ge EARBENS A Km oo HLEAT o A o R
I, AT R REA R s LA TR L
WA, Ge N T8 Sk & 7 i T
AEARRLRL. SRR, N 4ER) Ge/SiGe 53545
REEI—4E 1Y) Ge PORAM & HOARHAAEA W A JE, IF
WG T — RPN EERM.

3.1 Ge/SiGe R4

Ge/SiCe FRZE R, RV AL 4% Mot 4 (1) ik 5%
2, T RIBEHE, Ge B FBFRFRE] 1725 7¢, NiAE
(B i TN Ry A £ < o E A =S O =R
A HEER T Ge P SUHYIE RS R, WA 2(a) Fiw,
Ge/SiGe S JRZ5 M RN E R AT T 44K
BL B AT 3B B R BB B A RIAE ), S5 4k
WRE T AEAEB AL, Ge/SiGe 525 45 T H
SiGe ZIZZ T T #HAIK LREE Ge &K

I, SidE | Ge 443 G728 H KM Si 4 JiE |
JerE K Ge M FRHE T Ge 4143080/ 0 1306 41 43778
Ik 3 4B

1988 4, Wagner £ Janockol®! F| F 43 # 4
FEFARAE Ge #HE_FAEKEE Ge 41431 Siy 5Ge 5
ZEP 2, FAEB A Sy sGey 5/ Ge SEREETE I
THYEESUR, 4.2 K A 7GEE RN 3200 cm?/(V-s).
1990 4%, Murakami 55 %) [ BESL T4 F R AN EFE
Ge #HE 4K 200500 nm [E5E Ge S Sigos
Gegrs ez, SRJG SMIE Ge/Sig05Geg rs 1 LA,
7T K, 4R ST R AR E F] 4500 cm?/(Vs).
1991 4F, Murakami 45 3 B FAHIRIZ5H), B —4ias
SRR A R AL E] 9000 cm?/(V-s). #R 1M, 1%
B HI3ET Ge %I LEE Ge & w4 K 43K
1) SiGe 2z th)ZFETE R LB I, WK 2(b) PR, #
A5 S L 1 S (TEM) EAE 7] LA 20 i ke
JZ A8 TR B 563 A A7 7 192, % i )23 v Ko 1) BB B 25
3| Ge e FBfrh, AR TR AR St — 4
2 REB R R 101 cm?/(V-s) K.

J T g SiGe ZE P )E I AL, A0S/ N R
FHAE Siwf Ik _E 4l A2 i ik A K Ge B HREY
SiGe Z&np)2. DUJRSZERZE Xie 45 940 F FH 4 F A Ak
FEXE SiAHE_E A A AMIETTR Y S 4Geg g AR,
BT AR GIB A0 Ge 25 7URGEH), 4.2 K
AFE RS R Uik #] 5.5 x 10* em?/(V-s). 2002 4,
B KA von Kanel W58 /N 1971 Fi| FH 46 85 (A3 5
A2 ARDTRFE IR 10% /um AR s 24K 7 um
BT AL 2 AT 1 wm ) Sig 3Geg 7 W, F1 bt
BB R PP I SR B AL A B B R 2 X
106 cm 2. FET B E SiGe 28 b 2132 AY — Yi2s
TURIE 4.2 K BHEBARIREN T 8.7 x 10* cm?/(Vs).
2004 4F-, von Kanel 1§84 96 1F — 4 FEAIR 2% vh )2
WAR R E 7% /um, 53 k55 7 URAE 2 K I
EBFEEH 1.2 x 10° cm?/(V-s).

2008 4F-, FL[E Shah & 07 1 H T 386 4 4 i AR
B A K TR SiGe 22, F T AL 2
SAHVIE (RPCVD) A KR, B el I in s
WA TE ST EAMEA K SEEN AR EEINT 5 %
107 cm 2 B Ge FEE, SR G B WD Ge )& 5 5|
0.8, IJa B KEE Ge 8 SigoGeys 2. t2EZ]
Ttk e 2 e B 225 (5 A 2 B2 R 108 em 2, SR HY
T ARKLRE E N 2.6 nm, JALME N 1.9 nm, T 1E
WiAE AR B SiGe B R AHRE R Y. B Tix
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Ga doping spike

(a) Modulation doped Undoped (b)
I g
=
o
0
+ + $!
@
106 - Forward ®
— grading 7]
T =
—‘: 5 [ ] Reverse
105 F
5 0 P O grading
s
<
2 10t
= 10t ® Constant
2 @ composition -
EO () buffer Ge 100%
103

1990 2000 2010 2020

Year

500 nm

K2 (a) AFEBIN Ge/SiGe 5 B4 4k 2 ORI /R IG T B 2%, H i 520 190 B8 AR 520 77 e a3 R R B AL B 45 M L AR 8
FeTN G B | R 53 B3R SiGe 22 vh 2 1] 8 B 4 Bt L 243 TE M A8 20 43 300 i A8 46 3 AN ) 2 R 775 BY; (b) Ge #IE I
[ 72 4% 20 53 A G SiGe 22 #hZ I TEM, 7l A B 46 9% vh )2 S i 1 BF)2 7= A R HER 248 925 (o) St [ 4 43 i i A8 7 i 2k
K B9 Ge/SiGe 28 S5 BRI TEM [ 102 37 4 3 B4 A1 78 300 i 4 2% vh J2

Fig. 2. (a) Improvement of two-dimensional hole gas low temperature Hall mobility of Ge/SiGe heterostructure with time. Solid
squares and circles refer to undoped structure and doped structure. The black, blue and red color refer to three different growth
methods (the constant Ge composition, forward grading and the reverse grading) ®. (b) Cross-sectional TEM of SiGe buffer layer
with constant Ge composition on Ge substrate, plenty of stacking faults inside the constant Ge composition buffer layer and Ge
quantum well®?. (c) Cross-sectional TEM of two-dimensional hole gas obtained by reverse grading method!'?. Dislocations are

mainly localized inside the reverse grading buffer layer.

KR SiGe 2 P2, 2012 4F, iZ/NH il 45 0 9 il
B A s O E RS RTE 12 KiAF) 1.1 x 10°
cm?/(V-s) B9, 2016 4, b ATk — 254 I il 45 24 Al
— S ORI F] 1.5 x 108 em2/(V-s) B0,

Bifi 5 X 0 AE Ge 7 BF 23 R T HURRITF S
MR, SE K BB 4 R B AR T LIGR B T 2%
BT R, (HEBARER S FER B . 74k
A 0 B i g i (14991000 PRIy S UG 4 T LA
5T R B PRI B AR 1. 2016 4F, 1 E
374 Laroche &5 101 Fi F PRl $A 4k 2 SR DTRUR:
FHE 2 o i AR AR K A AR B 22 N AR Ge 5T B
GEAE, FEZS OHRIE R 101 em? BEALET, WE(EER R
KF] 3 x 10° cm?/(V-s). 2019 4F, Sammak %5102 %L
T AR kA K SiGe Z W02, FIH RPCVD
AR AR L B R AR P, ks G
BRIKF]T 5 x 10° em?/(V-s), 257N 1.2 x
10™ cm 2. 7625 SO HL AR, 3 R R A5 B4R
5 P AR T SiGe 22 w2 B & A4k,
 2(c) fiim, Si il Ge =2 8] H) e B (4l 5 B4 78
Ge/Si FLHIX K, J5 2L A8 4 KO ik it = 1

PN DA R Y= e N o G N R A i)
IASRE, (RIS R A REHE i T AR B S AH AR IR
R, 24w T SiGe 22 vh 2 1Y g & 102,
XFT Ge/SiGe i gl — 425 7R, HETE A [F]
LR AR AHSCHE.

3.2 Ge fk%

— 4k Ge YKL A il 85 H2 AR I AR UK T
T8 T MAETH N A K 1Y Ge/Si #% /524K 4L
2| Si I L1 P TE T AL RAE K AR B Ge i
Tk, )i 3 Si eI i P AT e A A K B = 7
Ge TRy 4%

Ge/Si ¥ /5e 48 K 28 T B RS- -[E (VLS)
AR AL 103 SR OVD B4, [ 3(a) WHZEK
RN B, XA R R 4w URLAE S i Ak
), WA TAHR N, fE— R TSR NS
S RPRIE ALE G 4, YIE & A T it AR
AHE, S0 ARTE AR, gk ny R A
B, S0 — s R T AR K, 4 s ok —
ELALF YRR T H 25 s/ 104 g G i
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SRR \i’(

SRR \ VY

SR

[
fiEfst] et ae 90kE&

50 nm

5 nm

5 nm

B 3 (a) VLS J7 A KA KL iR B (b) VLS J7 iR KA Ge KR B9 TEM 18] 109; (c) 454 BOG e MoF AR VLS A4 K5 i
HA M ERN (5 + 0.6) nm 1 Ge QKL TEM & 17; (d) Ge/Si % /FE 94K 22 (1 TEM 18, Horp B33 Ge 4%, K (43573
Si 72 10%; () Ge/Si#% /7R KL = 43 HF TEM K], 3R Si 52 0 B0 2504 1) (£) Ge/Si % /70 44 K 4 114 8 78 T /s 28 81 L B RB Y I

B 7 )

Fig. 3. (a) Schematic diagram of nanowires grown by VLS method; (b) TEM image of Ge nanowire grown by VLS method['*);
(c) TEM image of Ge nanowires with diameter of (5 + 0.6) nm prepared by laser ablation method and VLS method"”; (d) TEM
image of Ge/Si core/shell nanowire with black Ge core and light gray Si shell'®; (e) high resolution TEM image of Ge/Si core/shell

nanowire showing a crystalline Si shell'®}; (f) schematic diagram of cross-section image and energy band offset of Ge/Si core/shell

nanowirel!9,

F R (TEM) EnE 3(b) i, 4 e Bk
() EARTEE T ORI ELAR, 1Tt 4 e ik 57 3]
il TR, EAE—BAE 100 nm AL, 1998 4F,
Morales il Lieber!" 5k At be i AR FEAL T 4
JE& FIURL Y AR, SEBL T B R /A 5 nm [ Ge 44
KL myh %, & 3(c) iR, 2002 4E, Lieber fF5¢
INELIOL I FRAE R ITTESIRT Ge/Si 1% /5240
Kl e, A&l 3(d) IR, Ge &R EAEH 26 nm,
I 3(e) B4 HE TEM KA %, SiFE Ml Ge #%
SV R B SR AL, OB T s R BT D) SRR A+
El 3(f) B, Si7efll Ge BN REH 220 0.5 eV,
Ge 25 B IR I TE Ge B, &5 B R4 R
1000 cm?/(V-s)19 BHSFISLIIFT R, Ge/Si#%/
FEYN KL ELAT T T 58 1 e - R A A A
FH [86:106] QA g PR 24 217 3L Ge/Si# /5%
YK L £ 1 DU F S AR R I R4 e
PE, SCELT HL N P AN i A R 2R 5 R ) O
P 0081 Jig st 2 6 1A T 2K 0.6 mst0%)) 3B AR ]
73K 180 ns!1ol,

IR Ge/Si % /5eKRLART] Tz 658, 2
SECABAEAE L PN RME. B 5, kit Ak m M
R A, T B AL 3) Siool SOT 4
JE AT AR A O B T AR T RMERE, B
ARME MR AR B HR, VLS A=K 75 R 4 8 ik
VER AT, IR L P AATE SR TS Iy, S g F iy
L2 PR T 12, DL AR R TIZ T Ge/Si B /74
KA R RS — 2P .

WERY Ge 5t 522 A 20 B R A Ky
Stranki-Krastanow Az K AR 2 113]) S F 401 S AN E
AR ITETE Si b EARTF TN Ge it 748, F
£ 1990 4F, Mo 45 M4 5 7€ Si(001) 4 i b 52 2]
THRE/NF 100 nm IHZE Ge &, 115 Tersoff
H1 Trompl''? J5 I 33 A4 J2= 7Y Gee 5 P BB ZE K A
H Ge HT£8. 2012 4F, Zhang 45 W £E Si(001)
IS L IRl Ge J2 LU SGR KTk, SEILT K
JERTGE 2 um [ Ge T FLAYIMNEA K. ATk A
S FHAMEA R T, #E 570 °C 44F T L 0.06 A/s
M RPUR 4.4 DMETZIRER Ge i=IHZ, TR
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JEEERE/INT 570 °C BHE L =i R R Ge & /1l
FIRE, WK 4(a) IR 1 BB (AFM) Kl
TN, AR A T AT A = 4egh . SR W IR
FEAKE] 560 C IHBR AR K, SR NIE 4(b) Frs i
T AR K B 4156 Ge 1 T28. Ge 1 TZIM KT
4 {105} fb T A, BRIl -1 PR (100) J5
], JIGHCAHEIE (I 4(c)), Bkim A =M1 (E 4(d)),
MRENR A R 11.3°, FRZ IR P2k, T 407
YIRELM 1.86 nm, @5Ekh 1:10, KEEATIA 2 pm,
RIK 5 FE AT 3k 1000, B6Ah, BT LUE T Ge 21
JEREKH T Ge f T BRI BE. J34b, ]
DIERCANIE 4(e) FRi LIE Ge 872k, FSIHE
FEH N AR ST B9 {105 } 4 1 B A AR AR i 22 TH g,
B E R LI B F R B Ay 1,

4 (a) SiAMIK LU 4.4 4 Ge [ F )2 5 Rl AFM
El; (b) Siff K LU Ge |2 LA KR K Z 5 T8 B Ge it F
LRI R AFM KW () F1 () 433102 AR Ge it F2 43
105 0% 18 2 PO IA Be LL R BT TEM [ B (e) i B
LI Ge i F445H

Fig. 4. (a) AFM image of Ge wetting layer after the growth
of 4.4 monolayer Ge on Si substrate; (b) AFM image of Ge
hut wire on Si substrate after the growth of Ge layer with
subsequently annealing!; (c), (d) scanning tunneling mi-
croscope imagel''®! and cross-sectional TEM image of a Ge

hut wirel*!l; (e) L-shaped Ge hut wires on Si substrate.

Si(001) % L AIHIRE B Ge it F2R& & oMk
M H N AR A5 T4R, 5 Ge/Si % /7
KREAHLL, R T 6B AR T BUh & 15 Y LA
GORZ AR T N AE K B RS RIE, HA0KE E
P ERAE Si A b, 5 YATIRE T 2904, NJa gk
FREH AR T A R Ge i FR MBI
=M, SRR ETE R Ge/Si #% /29K L
HigF 2 SORA A, RS Ge 2 F2 gz /X

JLTP- 43 R EE 23 o B8 223 U i /N 1%, 1
BRSO EA B TR AR E K 107 geAh,
MR Ge i FLEA KM g BT LI A liE-
HUEA A EAE R BT822 0 ATE-PLHER A K
FE2)2h 40—100 nm, H g ik 4.34, H ¢ A+
WA T AN EE 7 1) 7 1), HA AR ) 45 1) S B,
SMNINEE TR T g T 517 TR T
LRIFHY g T HUE AT 35 18, HAT, E2EMES Ge
WAL P T EPR EEA Ge 257U T HRE PO,
B A FHHE AT 3K 130 ns. [ Py EBRE R R K 2EER
FESEIFFE /N VS FE Ge T4 7 AR a4 1
T RGEMIRAWITE, FEXF Ge T4 9
TR T S AT, EAE R o A s B
TR T D O T S O TR e 1 R
A 191200 G5 SR AR S BB P s S £ v
28 T CIRAS:, A S e I 38 1 e s 22 ) )3 15 LA
Rt — 25 SR O SR R B B T T ZE LA
FPEPEAFFE /N 21 S8 B IRAE Ge 257 CHEF A S
T g HF k& A REPLER G S W I S
VAT, W T RE R A FR T A S ER i T AR A
A EE NS SR WA, A T H i
5 0 B e TR B LR, LT B IR 1R 4
540 MHz*7.

SR, LA R Ge f T2 A B FE Si (001)
Fmm_FIEREAL R B, ASF T TR S0k
I K. S5 Tam T sRAMNE A Ty
%, Gao 5 W HE Si (001) # K ES2HE THEAY Ge
TR PRSI e AR K O e e R R
TR BRI I B 20 Pl R FE Si(001) A L
24 o IO %) T PRI 254, TR A TR BE 24
70 nm, W 5(a) Fis, Hrp BN MREZER
M FH RS Ge & 72 (100) Shla], LM
()7 T A 203X WG A7 . SR, I 37 R4
FELE AT JE i JeE K 3 nm 1Y Sig 15Geg o5 J2, TE
[T A BT B T A&l 5(b) TR fl—4k SiGe
MR, W AFM &4 s (B 5(h) Th404k),
SiGe Z7 (RSB BRIE, TS -5 2541 dksk
A K 0.6 nm [ Ge ZIHIRNALER K, FEIE SiGe 571
AT AT Ge BT (K 5(c). XE
BET Ge JET4E KTE SiGe 4417 b AT L) - iy ¢
N AERE, [FEE, Ge JRFTE SiGe L4 HIFA 2211K
THE Si LAY s g 12120 X A5 Fl T SiGe %%
W L —ELR I . Ge TR IRTN = AE,

217802-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 70, No. 21 (2021) 217802

5 nm

10 nm

(h)

2 nm

Height/nm

— Patterned
Si sub.

— After Si
buffer

— After SiGe
layer

— After Ge
layer

100 200 300 400

Linescan along [100]/nm

—T70 F

B 5 (a) HA MR S (001) EIEH M ZER AFM B2 (b) 2E K Sig 75Geqos 2R TE M—4E SiGe 41 45 Y11 AFM [&] 12,
(c) SiGe &fi EIE I Ge H: T ER I R TH AFM [, 4 [8] Dy Ht 7~ 2 10 it 1T 20 BT 81, Gee 7 4 050 T 4 0 1T 349 9 {105} 4 1T 1215 (d) Al
(e) 739107 Ge B TE K MR STEM I8 S i K 9 STEM [ 12, 4 [0y Ge B TR AR MR 2 5L 185 () F () 22010 Ge BT HY
2877 1] (1 5 43 B STEM & L) B R ) STEM [ 12); (h) Ge B T4 4R K I BE i AFM 2849 45 12

Fig. 5. (a) AFM image of trench-patterned Si (001) substrate*?; (b) AFM image of SiGe mound after the growth of Sij;5Ge o5 lay-
erl?; (c) AFM image of Ge hut wire on Sij75Gej o5 mound after the Ge layer deposition with subsequently annealing, where inset
image shows the {105} side faceted Ge hut wires*?; (d), (e) cross-sectional STEM image and magnified STEM image of a Ge hut

wire, respectively!’?, where inset is the overall view of a hut wire; (f), (g) STEM image and magnified STEM image along a Ge hut

wire, respectivelyl?; (h) AFM line-scans showing the growth process of a Ge hut wirel

P T2 A 1 {105 b T (&L 5(c) i HE IRl
FR), B EEZIN 3.8 nm, JIEHBUEEE A 38 nm, S
FREMR 2200 0.11 nm. BEER I 7 1) B9 47405328 B el
T W E (STEM) Kl (1 5(d)) #1748 #F STEM
Kl (& 5(e)) LA Ky 2 )5 1a) (1) STEM & Fil 5 43 B¢
STEM & (& 5(f) 1 5(g)) s Ge B FLh ks
BRpa, HAT o8 0 S A T

MR Ge fFLMALE . EI L K EERIE R
SEA MR T MR 6 SR L KB RRAR.
s i Al ) R S B T AN 6(a) BT/ 9 X401 7
(1 Ge 2. P MRS B AR AR T B
10 um Y Ge T T2k (K 6(b)), JEI E, Ge FET£&
K BT AT R . e, il 5 45 i MR 9 4R

[42),

WAL T M AR O I (K 6(c)) KA LIE
(Kl 6(d)) Ge ftFh 4. TR BRI B ) R i 7 ot
LR IE RN 37 B AT R 124 204 [ g
RS, WIANTREE N 6 nm, %4 60 nm B, 41
VUMK Ge & & SiGe JZIF IR AR K AL, SiGe
SIS ] A YRS, AR NIRRT Y GeSi
LI (K 6(e)). TN GeSi it FARIMEEA
{105} dAhif, A E Y = MAIE, ®EZH 8 nm
(&1 6(h)), ELIFVRE T L33 e 855 LA g ) S A o7
K ey R AL E (] 6(f) FE 6(g)).
TN GeSi & Ge &1L 30% A4y, it
SKHIN 15 S 22 A KDk, AR C 28
SCHETHEN Ge = FLMAFAEK.
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Fig. 6. (a)—(d) AFM images of closely spaced parallel Ge hut wires, Ge hut wires with length of 10 um, square-shaped and L-shaped
Ge hut wires at the edges of trenches on Si (001) substrate, respectively!*?; (e)—(g) AFM images of Geg33Sig¢; hut wires inside the
trenches on Si (001) substrate with a period of 1 pm, 2 pm and 500 nm, respectively!’?’); (h) AFM line-scan of a Geg33Siy g, hut wire
inside the trench, which shows the {105} side facet with an inclination angle of 11.3°01%],

SAREATHESIG

- Device 1

B 7

ILi+1>/pA

(a) BABFATHEFN I Ge T2 AFM &l (b) Wi T ri de PR G5 HR B W2 (o) BRI L + B 5 Vo IR Voo BB R 12

Fig. 7. (a) AFM image of the closely spaced parallel Ge hut wires; (b) schematic diagram of double quantum dot devices*?; (c) total

current I; + I, versus Vg and Vo'l
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Fig. 1. Average probability of correctness of the two algorithms reading a n-qubit quantum state. In the left subgraph, the number
of qubits is 3, and we investigate the dependence of average probability of correctness on the readout noise 7. In the right sub-
graph, the readout noise n = 0.05, and we investigate the dependence of average probability of correctness on the number of
qubits. The values of average probability of correctness are calculated as the average of P; and P» on 1000 reading instances.
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A quantum state readout method based on a
single ancilla qubit”
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Abstract

Quantum state measurement is essential for reading-out a quantum computing outcome. Meanwhile, the

readout results are always affected by the large noise of quantum measurements in physical implementation,

which also hinders the large-scale expansion of quantum computing. In light of this, we present an indirect

quantum state readout method based on a single ancilla qubit that can avoid the large noise of multiple-qubit

measurements. The theoretical analysis and simulations indicate that our method is more robust against the

measurement noise and promises to become a method of large-scale quantum error correction and high-fidelity

quantum state readout.
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