Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ET HRERBETHSRE S LRHR
BT KTt EMF FRTF XA
Experimental progress of quantum machine learning based on spin systems

Tian Yu LinZi-Dong  Wang Xiang-Yu  Che Liang-Yu  Lu Da-Wei

515 &, Citation: Acta Physica Sinica, 70, 140305 (2021) DOI: 10.7498/aps.70.20210684
TEZE RT3 View online: https:/doi.org/10.7498/aps.70.20210684
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

Z 4T R REIIR IR R A SR R
Experimental technique for multi—qubit nuclear magnetic resonance system

WIFEAEAE. 2017, 66(15): 150302 hitps://doi.org/10.7498/aps.66.150302

R AR A T5 BAL BRI S A8t

New research progress of nuclear magnetic resonance quantum information processing

YIFIE4. 2018, 67(22): 220301 https://doi.org/10.7498/aps.67.20180754

I A P e g DAL e o o A W
Optimization of optical control of nitrogen vacancy centers in solid diamond

YIBR2EA. 2020, 69(14): 147601  htips://doi.org/10.7498/aps.69.20200072

BT WA R~ 00 ATER S S-S TR RS RN E 71 2

Entanglement of quantum node based on hybrid system of diamond nitrogen—vacancy center spin ensembles and superconducting

quantum circuits

YrH2A 4. 2018, 67(7): 070302  https://doi.org/10.7498/aps.67.20172634

BT NI R b A -2 A0 00 [ 25 B T8I
Solid quantum sensor based on nitrogen—vacancy center in diamond

PIFEAEA. 2018, 67(16): 160301 https://doi.org/10.7498/aps.67.20180788

TR R 23 O RS BRI
High-resolution magnetometry based on nitrogen—vacancy centers in diamond

WAL 2018, 67(16): 167601 https://doi.ore/10.7498/aps.67.20181084


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210684
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.150302
https://doi.org/10.7498/aps.67.20180754
https://doi.org/10.7498/aps.69.20200072
https://doi.org/10.7498/aps.67.20172634
https://doi.org/10.7498/aps.67.20180788
https://doi.org/10.7498/aps.67.20181084

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 140305

T YEEFES 5118

ETHIRERWEFISEFILHHEE

HE MATHE EAF

FRF EAN

(FMITRHE KRR, BRI 518055)

(2021 4 4 A 12 BULE]; 2021 4F 5 A 25 AU BB

BLs 27 >0 DR A A 3P0 25 Rt 9 DIE 38 B 22 )™ 2 00 210 4% S F 5 4 e, 4R i Heaz 53 8 1 7 — i A
JE bz B2 ST EALE ) A 2. AR, BEE BT EORR R R T S LR e R 2 T
PRFR P EAT TR0 S B B UE , JF 7RSS Rp o R b R ) TR SR R L AR SC R A AR A Y
A 28— A ST IR R 8 R < W A 22 0 o PR R F TR BT 4 ok 7 WL 2 ST TE I PR AR 3R b i — 28

PR PE S TAE.

KR L], ARRAR, SRR, A

PACS: 03.65.—w, 03.67.Ac, 03.67.Lx

Pl RN TR R B 10 22—, %
U AR F I 7 B A KRB A T oA, AR
Sl R A AR S, RIS IR B AR (.
ERIE TR, i HEE A2l H, 757
SRR TR 2O A T Iz s 2 LR
2 BT 29 7 30 B REOT A =Rk W7
2], TEWEAE ) aAbE ) B EE e O
R AR 2 I RS A B A AR S8, NI AR A B
D S A s Il (R, W o ) S AL 5 S
] F AL (SVM) L SR [T I | PSR B b 28 ) 45 . TC
M B 2 20 WU FH R B AR B A B R A T B 2R
B AR IS HEA T IR B, TS
FE oo (PCA). dalfix A K K f it 28 (KNN).
SR 2] W) T Je PR SRAT B A5 3 0 R A A5 A

DOI: 10.7498/aps.70.20210684

TEAG BRI S EO I SR, S flisiml ae g
ff DRI PSR AR LA R, & oAb ] 15
EH Q-learning., o W& A6 B B 1k | SARSA (state-
action-reward-state-action) k. PR BIRREH
75 20 22 st C L d it (B2 i TR I
PR DL S B ke = | iz — Ok e 2218 . HF
2012 4F Hinton #( £ I fb (1) % 4 Krizhevsky”!
BT AlexNet 7£ ImageNet 7w %% F RIS, ik
2 S K T STy R 3 A R FH R 5 R v 1
KOEAL LSS (GPU) Y2k i 28 I 28 A5 R g A1y
{8, B VR 2 F5 TR 2 IR, G VGGNetl,
ResNet!”), DenseNet® 9 H BbR 5 TR 27 > BpAL
R

S A LU BE 27 ) AR BLA 7 S Sk
TETHRNULGE . A IR AL PR B 0 B A5 R
C&A T HARIABUK, (HRMERBNY R, 715
BLEEE B TS S 2 B TT 48 © 4 )R iZ U

*OE R E AR R (S 2019YFA0308100). EIZK H AR5 4 (HEHES: 12075110, 11975117, 11905099, 11875159,
U1801661). J AR Feali A FHFEALAIF 57 He 4 2 (HEUES: 2019A1515011383), I 44 B FRAVEHRI (3HEiES: 2020A0505100001)
RN T B2 5 R MR 2 52 (S ZDSYS20170303165926217, KQTD20190929173815000, JCYJ20200109140803865,
JCYJ20170412152620376, JCYJ20180302174036418), Wi/ . I ARE BRIFBIIE St .0 (ILHES: 20192T08C044) FIJ™ A&

AEE S (S 2019B121203002) %5 B RS
t iBIE1EE. E-mail: ludw@sustc.edu.cn

©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

140305-1


http://doi.org/10.7498/aps.70.20210684
mailto:ludw@sustc.edu.cn
mailto:ludw@sustc.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 140305

JERIRS. 7140 2020 4 OpenAl 270 1 B AT S 4L
2 ) HARE T B GPT-30, Hl 4k KRR 2
512 He V100 R INZR 4 A, GRA B 2wk
1200 J3 357G, B4, ML R o e HL
areE DA H AR R AR R, AT VI RE 2
B9 tEEmg. BRI X s g)
RSk fe.

wiENh R E SRS g SN RE
P, S R 2 BRI AN A I BT IR, AT LA
FH R SEBXT TRk s, FRoF & F I (quan-
tum speedup) 0. & FIHEHLAY I A B R IT N
R, ORISR LA 0 f 1, T2
AbFE O FT 1 BB NS L. Ik, &7 R &
(EYSES un e w2 N S TTNER- il =t iz 1 1
DI g ke, ok S ST AR TR LZE S X
Bl 0y It Tis A AR A KRR i) ih
Uk, TES BTN ARMEAR PR B0 i e i) ) ]
REfER I AL HRA SR 2o (. BAT, &+
T 28 Re 8 SE U B SLRR g () B pY i sas 5., Jf:
TESEES b 1AL A R 2 A BB
——E P (quantum supremacy). 2019 4F,
Google A PA JE T8 T 1K 2 4 22 19 & + 40 3L 4%
“Sycamore” HH T 200 s L5¢ W% 1 &8+ AL
T2 10000 4F [ RFEAE S5 12, 2020 45, W A1 45 1)
PR S TS R AL « ST A6 A B s 1T g £
R [RlE_E fiHRs R te d HALE & T 100 77
5.

NS IR ST TR R B GE i i
FaEE 14,1985 4F ) Deutsch 191 4 1 7 HEA 1255
—A R, AR A T ARSI
FEpE, AT i — O g RE A W H PR R R
AP, 1994 4, HIF KRBk Shor Hik S0
TR R R FE B 191 1995 4F ) TP R
) Grover FyESEHL 1 XF F HAR S A W-F- 77 I
TS g e o SR AR IR AR A e A
WA T — " 2HIB B, 2009 4F, Harrow 45 [19]
PRI T E AW HHL Bk, i PR TR 2k
PR BA TR BOIE A E . R ALAR 22 2 i
Bl 2 DL s A e A, S I B b A
Bl 2P FRAH R SR A IR, I B4 A s
LR IEN — D E W U 1 T

LT T 2FRERE, Bl CEE %
PR iR R AR 2z . Han, @R

LA SE AT AE T Z BRI LR, 4N 5 A %
KR NEEE TA R O R R, D DI RE R
(nuclear magnetic resonance, NMR) 14 NIl £ &
253 (nitrogen vacancy, NV) .0 AR 1 A JiE
RZR . R FR BA RS A T i ) 45
DL 2O, e iR Be R TV 2R
TB, AAG ko g ik | LA | 3 ) 2 s 4
B P AR L g 5~ SRR S LAY
Ay

RSO 1] E A ARG LR G NI A NV 0
PR A ZR A AR S5, T A ARk [ N 41 2%
WHREHAEX PR & B se Bl ny BA AR MY &
THLER T 1 TAE.

2 L FEIRE A

W LR 2 N ATTF 5T B L ) P PRk
FHZ—. FAE 1938 4, Rabi 25 U LGHL 1541 Rabi
PGS ST R TSI B T 2
IEm B A EATHES, FERE IS i 2 5, X L5
TR0 ATETT s & A B . 25, Bloch P2 T
1946 47 & BAL T MG R e 1% B 23 IR
SENTR ) SRR, S A TR LIRS
BRAIAR. & A F2ERN AR, Ruttike &
FEAL2: | BRYT ARG T2 N A 220 IF 3ok
PR FR P B AR A AT AT DAKS B 450 8 A2 g 3L R v
AN PIRER E T RS, E FIFEM S
PEINE, BRSSPI R TR
TR LR RO 2 | 1R T B IR DT S8 i)z
WF5T (200,

ot Fe PR 28 40 T LA FH 28 G0 e 2 10 i R 1 oy
B A AT B T AR AR . RGNS T
4G R TEE S T AR, SRR AR R MR A TiE
PIRE I, hEf G S i R A% A R
il 555135

FERZREAEARTE AL T, FE S B AV 4 2 T )
MG Bo . X TEAS FLRE R 1/2 RRLFR Ut
HAEIEE 207 G Bo 130 1 2# i AL i
w4

_ _ | —hwo/2 0
Ho = 7ﬁ’yBoI = 7%&)01 = < 0 ﬁa}o/Q > ,

(1)
Hrp, nZAEMITOH R, v R TR H
wo/ (2m) FERLSL/RIR, LIEHTHE 277 [0 B9 % A e

140305-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 140305

ALY RS IR, L, I, L AR EAT
A E WX

TE M

ERE ANEN 1/2 BT 1ESME Y vh 2 KB i
T B ZE 2O, I )™ A2 AN BB 25 T HO AR
|0
ES

~.
N

A
S

*

b= (), 11 = (9). BRI R TR
TEASPE R T HUARRRY 0 A 1. S5 R Ak
TR 2EVC LT, ¥ A e 2E D AES Z [l 7
BRAE. AFEFSEARE BT A A R R IERE L v, A
A AN ] P15 IR FE SRR wo / (2m) . T AH [R] Fef
FI) SR FAZ— LR Ry e T AN ] () F T = R AR A2 3
AR EE R el E R (k28 ), I A A
[E[ESEA- e S NE ETE WIS 9 =1 & S N i)
RBZ S, TR SR A fieth i &+ LU REmT LU ik
ANl SRR N ALK 45

MR TP AZAN AR (ZE T
F§) B, A% A B Z 8] 257 A A EAE . A EAE Y
PR PR B EAE N (AR S ) Al
BAEAEA (BRE k). 780 F WA LR ke
i 1 AR P A T LA A 2 TR R o3
FHIPRER BT, T Ak 2= ™= A
AR A, 2RSSR A R (o) —wf| >
2n.J;; ) HAG R i e =
Hj =2nh» JIT, (4)

i<j

[}

A

Hor iy o FUE < A0 A E 5 22 18] A RH A P S
JIt AR 22 8500 0 44 S 9 vh 1Y 2R GE e 4 i
AR A% 1A T F G 37 v 8 ey 2 i R A% 1 i
V) 44 TR AT LA P ) e 2§ 22
Hyo=—hY wiIll+2rhYy_ J,;I.T).  (5)
i i<j
TERRETE AT, 6% A EBRT ) S i Te 2
JRERG AR AR 2R T 14 I 2B i it T LA
Hcontrol = Z 7ﬁ(")1i (COS [(wll:f - w(l)) t+ ¢r] I"Zc

— sin [(wrrf — wé) t+ qﬂ IZ/)7 (6)

b wip T TERE M bR AR BB (5 S e e Wi
—0), ¢ NHEBIHIAL.

JIT LA He VR 28 B e 2 o T L oy

H = Hyy + Honyol- (7)

L TRF I SR (O, AR R G ] LA i I
a7 BT g A S R GERI WD AR 1L 5 B A 1A R G
W2 BN L TRE ) AH ELAE e 1) g s e P 22
15 MAZRERE Sl R R0 A NI (5 5 EE A
BT

MHAT SR RKE, BRI TR
ZARH R, ONARLER N S AR TR SR T
—MREFHYER 6. H AR TR R
BOTR R O 2B TR B nsg R g, miflan
AR | CORARAEEATERY | ARt T R
AR TN AR S 22 ML AL o7 > B vh i DL T RE R . 42
IR, ASSCORE R N A HILAR 2 ) A T
REILAR I R SRS B

2.1 MREEFEA

RN R LS BRI, TR 2
TR 1 [, T 220 M A 2 7 8L ) 5 2
HIETTRE B REE. 2009 4F, Harrow 55 19 2 H
T A BE AT % L T BRI SIS K0 3k By
HHL £ T30k BN 7 B340 T m
TS, WL T HLAY S B LR, HHL
BB LR P T L TR SR, TSR
SRR, — T BRI LA A
Alx) = |b), ®)
ot N o N RSB AT LTS AR GE(E A
RARAELS [uy) JETF A =3 A fu) (|, 1oy LT
LRI J 1) = 3 B, |uy). 2400 i) 10 1 4 ]
BLRRA AT =) A ) (uy, FIRGAE TR
2H H it

) oc ATHb) o< Y (B5/ ) luy) - 9)

J
FE B AT DUE A A TR 153 A Y
ARAEAE A;, B85 %4 Bl LR BE 5% 2arcsin (C/ ;) A
JE, P — AR A TR 2 e AR B T A5 5]

Z( 1—§§IO>+§;1>> B 1A} [ug),  (10)

J

Horp Cl— W8 SR RO B (1) 25 B,

140305-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 140305

RFEIRR Y C(8,/0) uy) o o). 2SR
U 0 22 BLER L TR 75 B O (NlogN) 1Y N ] 52 2% J3 ok
SRAHA ) ik ). L BT 5T G O (log V)]
(R B [E) A2 2 B2 A PT A [ py = S i
AR, &7 H A SR TR R S 2R EAT)
SRAFAE TR L ff LR, HHL SR 7 i DR 2 (7]
I EATAT HE RN 3 AT .

SR ITI, Ot AR B S AR T
S AERFHAR I T HHL Bk B2 il 1 s,
b ey v ERE 2 R A RV AT BASE R T
YEBU ZTE 4 bit R IR RGE S 1 5 T 138
BT HHL 55002, A58 Tt 2 < 2Rl
AL 55, IFEEXS 3 ASANE Y 1] & |b) AT HAIE (FH
[ A HE R A ). S AR A i, b iy
BCH 3 MR HBEME R 44T IR, 2 bit
R AT A R S O AR TR, PR LA 5
U A A a FORA A 17) 8 b)), FIAEY 1 bit ME N %H
By R A T B2 BTG . X T[R4 AR |b)
4 bit PRSI AR T 96%. SE50 LI R 1
HPESIE T HHL Sk r il k.

HHL 3% Je S0 SC LB 56 T8 B T TR A,
ZRRTHATER T IR EcR, R T2EH
3R TR HRRTE— MR/ N YRR E AT
7R, MZiie 71194 (adiabatic quantum comput-
ing, AQC) MRt ¥ R fe it 7 —Fhf ) 75
TR NIk, BRIl s AN 2
JUIRAL AT DL B30 AQC SE3, Fir X T a1l
)M, AQC W RE A fA Ay B IRAR 52 PR v 1Y
AL AQC WO ZIERGEVISLE T—1 5%
B b5 oy S TR B B W Ho (¢) RS, XA

Phase estimation

R(A~1) rotation

W R T 2 it A N ) 08 ) 3 ) B ey S i i
AR, XA AR AT L P 1B o I 4 i e -
H(t)=[1-s(t)] Ho+ s(t) Hp, (11)

Forpr s (¢) B I TEDAN 0 28463 1, 2 H (t) 1 Ho
AR Hy . R IE S UR AT AR 2
U518, 1 RGO UG LA AR BRI IS 55 W H (4) B9
2 SON WL DT BUR> aa W E R ANUER A Uik SO NE R 7
T ASAEREL.

ITAR, FE T AQC SRR T R i T3k
Wi Bl AR e AR BRI BY e 2018 4F
TERHEILIR ARG LS T IR EE T AQC i 8 x 8
2Rk T BRSSO P C R ICHY L
Moy 1, 737 LB 4 D CREATRMED 4 8T k.
ST R — I 14 45 PR 1 I R I 2 Ay

H (s) = A*(s) — A(s)|b) (b| A(s), (12)

HpAG)=1-9)0.91+s0,0A, B—MIE
T &M RO RBIE NS |b) = |+,b),
|£) S o FEVR IR TR T IARGER, |b) W21 Fff
SRR A M B 1) St 3 X s AR EE R 1 ek
5 A RGEAMES RN =, o) R [+ z). B
SO LU g, BV AT AR BA ) ) . 5 PR
T B ) S 225 4T Sy

H (s)=0"®A(s) P +o P;-A(s), (13)
Hrpot = (0, ti0.) /2, P =1-|b)(blJ&E—1
B HAT. fad A, RENPIE0) © |-, b)
ERARAR]0) @ [+, x) . AT BN ) ) . XA
R TAEAE AR A AR TR R E LT, AQC
TE (R AT AR B AIG R s ) 52 2% B 1 M e vk 7
4, I H RS AR R0 LA BT IR T S 2 4 B 1Y

Register c{

!

Inverse phase estimation Measurement
I HHS H |0)
* I} H 10)

Register b |b

|)

e—iAto/4H o —iAto/2

“Inverse Fourier] IRy(n/T)HRy(Z“/QT)I

Hamiltonian transform
simulation
1 2 3

. v

6

1SR HRLSE 69 0 T AR 0 =2 =2 s s= (o ) )om=—2 (1 ) Ro)-

cos g —sin g . o
5 HEZME N x FR SWAP [] B
sin g cos g
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Fig. 2. Quantum circuit for solving linear differential equa-
tions. The first auxiliary register in the circuit is a single
bit, and the second auxiliary register is T = loga (k + 1)
bits, then is a working system |¢). All auxiliary registers
are initialized to |0) |0)T, and then the operation U, and
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system is measured in the subspace where all auxiliary bits
are |0)0%.
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F= (K —|—7_1IM) , Kij =25 (21)
Iy =M x M BERALHR B, v J2 e I 2R 22
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W, BB QSVM [ E] 52 2% B 7R I R B B
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NMR & 4 L8 QSVM 7 F 5 B 1551 19 5L 56
K =GR CIEAE R i, o —AN13C K A e
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— R PR 2 A A7, — 1 FURRAE i B 1
. SEIG T5 OB LK AT <67 F1 <O Gt R, 4R AT
A3 WAL 1) 22 T I ATt S 96 0% B 2250
99%, FHEFIHINEIRBINT 4%, WKl 3 Fis.

24 =ETERGTHTH

F B 4353 M7 (principal component analysis,
PCA) JEHLAS 27 > v — i T E 9% i (4 JC e B
R X — T AR P IE 28 AR St Ze AR DG AR
T R WL 5 e A Ry /DB LA B e P TG G 78 o
FORWBHE, LMEIC A |FRN ERSr. XAR
BT R IEEE b AL, BEdE AR &
Z A AR 181,

AR A — 38 M AR, AR R —
ANTE N YERFIEZS 8] B REAE ] £

X ={z1, @2, ,Tm},

mi:[d17d2,-~- ,dN]. (22)
BRI —A o X8I Py 22 50

Hand-written 6 ? é
characters

¢| 76|79

indicators

Experimental ‘

L

TJ'”T"T

Amplitude

0.2234 [—0.2247| 0.2205 | 0.2496 |—0.1775| 0.2092 |—0.1421|—0.2278

s 1696

61916919

B3 TR0 WL, 5 14 AT RR TS A, SR, M T A AT 5

Fig. 3. Recognition results of handwritten characters of “6” and “9”. Lines 1 to 4 represent handwritten characters, experimental in-

dicators, amplitude, and recognition results, respectivelyl*2.
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(quantum principal component analysis, qPCA).
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At—0 At—0
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)
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(24)

Pt qPCA BERSHF I 1] 52 28 L AR O (log (N)).
SR 138 J7 0k s 2 ) i 10 L 5 B o
AR/ IR R I, RS A BT FE LA 2 T RS20
P FARMEZ BRI TIAE, FTLASCER [45] Hacs

PA3E 1 S8R T HLE SC B qPCA, WE 4 iR,
TITER R — DN BB U, Be % B p
B AR IR IS AR AR R/ INRE P HES

Z Aj 13) (25)

=UpUt =

XFFEME TS THREUO) U1’
fFpP:
szzw—l (el +1),  (26)

PR SR R AL L (0) -
L(6)=Tr(U(O)pU (0)-P). (27)

LB BE T B AL Ak 2 800 /MBS R sRELL (),
BREUI SR BARE % AT U, T SE 8 gPCA B
. qPCA SR MG B R U 2R Sy 22 56 B 1
FEAEL RN IO A AREAE 1) e, S e A i) B s 43 R S
W47 1 A 1) PR 5l 5 B AR A s 1) Pl o I o
B A ORI AR 1 R 43 28 SR ). S el
FHVO AR RESHR T RS, R T O A e %
FBE, S e B T R i R G, AR

_—

Training dataset

Eigenface matrix

Eigenvectors of

Test dataset

Eigenvectors of

- .
D=ATA AAT: (= Alyy) D: [¢h;) = UK(O)|4)
l Classical computer 1+
e p — Yes
5C [0) s » O q
F; 10 : q (- -
YF, |0) > = —_—
No
Fs |0) e o —
4 ‘ > - ; Y
YD
T Update 6;

B 4 i8id qPCA SCE AR R R . iR

B Gl TR I EX PQC U (0) #EATIRANILAL, Herh e 1 74 L g B4R

FIbR RS L (0) FIBLIE g (0). S8 0 BAFfiti A ST 1R 22 ML S b Sl ARAL S B9 U R HE R ARG AR B D FI 7 225505 C 1

REAE 1] 47 149

Fig. 4. Workflow for human face recognition via qPCA. The PQC U (0) is iteratively optimized via the hybrid classicalquantum

control approach, where the objective function L () and the gradient g (@) are measured on the quantum processor. The storage

and update of the parameters 6 are implemented on a classical computer. The optimized PQC with the operator Uy is applied to

compute the eigenvectors of the eigenface matrix 1 and the covariance matrix C = AATHI,
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(a)

& 5(b) Fi/R. B B BES, SEPT LA —
AT LERE. BRAF A BESL, T AL O AN (1N)
JEFAT IER—A FiEs 1(1/2) B A e+
LR, #5700 JE BIAE7E BC R, [RIBERT LAVE R
HBEHR 1/2 i+ LUERE, XOREFTET NV A.058
R R R T AR £ B

FEAINMER G ST, BT A BEZ [
HEAER, B2 ms = 0) I [ms = +1), HFI5¥
%4 2.87 GHz. it i # #4  J5 185 3 09 5B 9
Ims = 1) TF, I HLBF 2425 Bl il 1) #E 3 1)
BB K.

TSN T NV U0 1) R G & (i A
JE55 14N A% E R LA R G R 11)):
HNVZDgsSE‘*‘PN(I?)Q — Bo(veS+wIN)+S - AN '(IN)7

28

Hop, 825 1Y 435158 NV T [ g5 “NAZ A e
B4, Des = 2.87 GHz, A NV [T H iEZ 555
24 Py = -4.95 MHz 5 3 NV g N A e
DU BE L. (28) U AYER —Th NV 7ESMEE
THEZER Hrphy = 2.082 MHz/G 5w =
~0.308 kHz/G 43418 NV #F [ JiE 5 “N# [ iE
HIERE L. J)E — T2 NV BT [ g5 YN A iE
HEAE A AH EAE A (hyperfine interaction), ANA
ik AL S

B TR I, B RRANUER &
LT LR, IR REE ) Rk D R Hh RS . X
F NV 0, H T [ e o ot S B e ih b A

(b) +1

SR e
pa— - 0 .\".
#§Ta ey
R
1B
ol
A, £, a1
»
0

5 (a) &RIA NV EOERE; (b) NV 6.0 FREMIRIT I B/R B, 3Ax fI SRR ES MBS, TAL I 1E v H)
e ds, iR & HHEBRIT LS 22 K 9Ot M2 PR S RES A 2 & PO

Fig. 5. (a) NV color center structure; (b) schematic diagram of the transition process of NV color center electron energy level, 3As

and 3E represent the ground state and excited state, respectively, 1A; and 1E are the intermediate metastable states, which from

the excited state directly transitions back to the ground state and emit fluorescence. But the path througt metastable state returns

to the ground state without emitting fluorescence.
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(a) ms=+1

B 6 (a) FIFIILIR BOMARIE NV (L0 EEASRELL; (b) ATXTHAFMTEFT 7320 3D B BUM 2 45 i) R R 454, Ji AJRAE 10 % 10 x 10
L) P A% L % 2 32 ) ST 8 B S SR IR R /A SRR i R A TT RE A Y 7 SRR B

Fig. 6. (a) Using resonance microwave to control the ground state energy level of NV color center; (b) architecture of the 3D CNN

to classify the topological phases. The input is experimental data of density matrices on a 10 x 10 x 10 regular grid. Each density

matrix is represented by eight real numbers?.
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Fig. 7. The training and verification accuracy when the
number of iterations increases. The training and validation
accuracy increased rapidly at the beginning of the training

process, and then reached a high saturation value (=
98%) 4.
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Fig. 8. Algorithm schematic of RqPCA: (a) The energy structure of the coupled probe-register system. |A;) is the i-th eigenstate of

p and \; € [0,1] is the corresponding eigenvalue. Once the scanning frequency w & X;, the Rabi oscillations of the probe qubit is

induced; (b) the quantum circuit of RqPCA. The projective measurement of the probe qubit in the state |1) indicates success of the

algorithm, with principal component being distilled in the register/®”.
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needed by the decoder Up. (b) Training process of the
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the current iterative numberl!.
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Abstract

Machine learning is widely applied in various areas due to its advantages in pattern recognition, but it is
severely restricted by the computing power of classic computers. In recent years, with the rapid development of
quantum technology, quantum machine learning has been verified experimentally verified in many quantum
systems, and exhibited great advantages over classical algorithms for certain specific problems. In the present
review, we mainly introduce two typical spin systems, nuclear magnetic resonance and nitrogen-vacancy centers
in diamond, and review some representative experiments in the field of quantum machine learning, which were

carried out in recent years.
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