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Abstract: Quantum metrology is a technology to enhance the accuracy and sensitivity of parameter estimation by us-
ing quantum superposition and entanglement, quantum interaction process and quantum measurement. It is one of the
most promising quantum technologies in the short and medium term. Starting from the optimization research scheme of
quantum metrology, we analyze three optimization schemes of quantum metrology by combing and summarizing related lit-
eratures, which are categorized into: quantum state preparation and measurement, the control of quantum evolution pro-
cess and the classical post-processing optimization. The latest theoretical and experimental progresses of quantum metrol-
ogy are introduced. Finally, the problems and challenges of quantum metrology are summarized, and the further work is
prospected.

Key words: quantum metrology; optimization; quantum computation; machine learning

ffﬂ@ﬁ%ﬁ?k BB T ARG SN’ TY
PEATRERARN, (e — AR NS TR Ry
— AU T EOR A A T R A WOt % PEAE T e AR L TSRS N A

0 35

T

WREH: 2022-12-02; fEEBEH: 2023-01-16

HEEWE: EEARPHILEEIIH (61701302, 61631014, 61905140, 61631014)

LA WK, W SHE . BRI S SR A R L) . IR ,2023,43(4) :44-60.

Citation: XIAO T L,ZENG G H. Research progress of parameter estimation optimization in quantum metrology
[J]. Metrology & Measurement Technology ,2023,43(4) : 44-60.




iR

R, BB HOR P L Rl Kb e T &
FOREWEE . |/ FIEME SN &%
SRR R 5 SEER N AR T Y R D
HRE R HE A%, S, &l
A AEOR AR S SE BN R N R B S AT
AT, BB EUG T AR B 2= 0T DU o bR v
MR, B AREAIR L I, SRR T
B HOR RE A AN Y SR AL Gl B (Canmg it
Wt FE O s AR ) BT R R R R A
B,k S A5 R AR TER W oK B i 1 37 B A 2
RAFR T, angl Je e = A L R
N R B3 SR | B T = £ S

R B R Y OCHAT S5 R T4 E I T
RS EAGTT 7 28 T RIS RS BERBR 7, 40
TERBCA BRI, R BUR A  S BT BR AT L
BOAME; EBAERERAMT, RIS A
TS A PR 5 B de /M2 Jmy A e 8, U2
At . bR L, SRfFRZ A R AR AL
X DB BRAUIEIE . SR, I B T
Jog5 K, R 2s 15 o, Rf SRt
B 1E 1A T Can s KALA A 115 ) % 4 Jm A Ak 1)
RV AL R R Ou Ak ) Y e, — NI R
U B BUAS PRECRE S 3 ) Ty 28 R0, B T A
PRI ERCTE L S 2 BT I R AT 0 B B BRI
IR, ey ¥ AR A BIR B A% 3 i - e SE A B
(Quantum Cramer-Rao Bound, QCRB) #k47 % imj 2/,
i hr 3E B R BB I i B 2 RS B T
LRI IR T, Lz E SR EE

UTEEAE B ORE 8E B R OR A R A R TR
B, TS S BR Y B R e b o e T Rk
TS, UG TARZ St ke . 1 HE e Y
i 2% D £ B R AT DA S b v i AR, 7E3LS b
R B T i R R 2 B R B . AR SO T
5 Wt 1) A R Tk s s e, Ok B R 8 DU 1 F
FEOTRFATIHG GG, IFa il TR TR
P LN K e 7 1], Bl i 715 BRI
AR, HEBRIE TP K8 5 R 42w
R D R R A G P o T AN AT B ) AV
Ty I, R BEORM K b ik — 2 B
IR AN A S E T ) SE PR

1 ETRENENERITERFEERIR

L1 EFHEENEELRIRE

TR I Y A A T DLy e A
FARAE . BT AR L TSI R R, W
B , R 2R A4 5 00k G 2 0 4
RS R AT 2

ot ()

_ BT B AN | I—

%Ry fRiEy, P

0— —
1 RTR R AR

€l 1 Basic process of quantum metrology

BT AMEARMER AR TE g, RERTE
WAL MR W B T A AT AL TR
26D 12 B Tk T B — T T A e
B TR TR TR, —
e WA I T RS0, T LA SR R T A
B BRI TS |, ). TEM B H
BT RGP AL 0|0 = —iH|g). IR
R p) = U] w,), Hrb, U()BKIER

1, U(t)ZTeXp(—iJ;H(T)dT), T >y s} ] HE 3 5

FF S G R H S I T OCHT, AR AL
Nexp( — iHt), HIZZHLO,, HibS7E ik 16 5 i it
e, AR R TS EN T RS EER . H
PRSI T RGEAE LR A, KA ER
o377 R I AR R 5 P A B I A A e
1M P 2 R R 8 A 1 B S AT ik
B R G RAFAE Sk n] SRR B AR I
A ARSI 45, RGETEAL AT LA IR

1
8,p=—i[H,P]+z(AkPAZ_Z{AZAMP} (1)
-

K A, W kA Lindblad 545

SEBR b E MRS A R G AR T DR
v 57 WA T SO A, AR & — R A4 1Y
B, WAHE P EENES, fEizkib b, 2
FAE 18 B PSR LU



2023 5 43 % % 4

e(pm) = iKimef (2)

Ao Kb e 55 W7 58 A5 OF HL L 58 & M v
S KK =1, IHRAIEAE.

EARTE RIS, Z0E B 15 18 P i e 95
B ST R A S ME— 1 o BRI 20 5 e A 4 A
B W R B 20 1 Bl ) 2 2 e LR R
T3 T8 2K 10 28 348 7 1 -4 %% DU 4 1) 5107 L
b He A Y o X Al 4 B 2 80 fE B = A
HEATIN AR ) OC T SR AR A, B

p(mlo) = Tr[HmG] (3)

e {Hm}ﬂﬂ%%’[ﬂ@ POVM (Positive Operator Value
Measurement) Ml BTG o I & REAE A5 22
LR TR O S W N (T 4 S TRV S W K (iR AW/ R 7 LN
XIS R
12 EFRENERERR

TERF I B 14 %500 i 1 Je 07 28 ), w5 25k
W5 221 1 2 500G T 3RS RS BE AR BR 1 & T e f e W
SR SR R Tl L iR S i (N
TEAT 2 Sy B TC A i 11 19 J7 22 71 BRI 28 il s 7 26
RN

Var(é) > L (4)

nl,
v L Var( MG R O 2% Var(é)=
E[(é—E(é)) 60 R B T, A
KT E(0) = 0, 5 B(0), = 15 n T I
WEEARCH 5 1, 023098 & /R {5 B (Classical
Fisher Information, CFI), FRikz({h
_ [(‘)gp(mlt‘))}z B [('ﬂgp(mlﬁ)]2

LJmem =2 ey

s 6 B FAT DLk )T B 2 S HUE T
W I T D A 3t 19 05 28 8k S 800 7 2256, 58
PLE T FAE L T 0 7 25 R i 070 M AEACEL
T TJo g5 KW, sohr 56 2 5t RE 0% 1 i it b
.

i 1 3% 45 /R {5 B (Quantum Fisher information,
QFD) # 5 S 7E BT A (1 POVM i &5t b 5 K (1 25 i
PeFmRER Y, 1

F, = max 13({1_[,”}) (6)

{m.}

zé)
|

i P T Ligie
Var(é) > # (7)
T P FE R SRR B IE T tnT LAk
Wt . EZSHEIE T, B ahi PR
ZSBhir 28 0LR, HIE TR T7F9E
IRAR BAEREAY 22 Bk b, BT RER
FEREITE N

@:%npﬂﬁg] (8)

Kb LS AS800, R B (SLD),
BB I 3,0 = 5 (ol + Lp)69H, FLIETE 5 8
WML, L) =LL, + L. 4ESE0RLN RS
BF, i 2w R A5 B MR MR R AL O 1 2 RS
Bira, BIK
Fy=1Tr[p,Lt] (9)
PSR EIE, BV A REEA A
T, T 6 SRR R T X 2 2 SLD
AT AR ZS AT B0 W0 52 51 R P R B AR A 3
HATHA, AXFFE2S®EEE, S ZREL
Syt ARREXT D 2 A S BEE B BT 28 7
THRIE POVl &L, Bk, 76—l T A s
A SRR AT A AT RR R 2 B
KT R EAS EAREFE N R S, A
BR8P 46 35 W B ) 7 3, BIVSR PR R I Bt 725 45
G0 B2 M0 B TS AT R, AT LUK 4 4
G NSO RN, SEESYH
W BT A, R DR R A 7 223K A
K oA 1 [ IR PR POVMI i, 35CR iy 2 1 1
AR 4 1 B TS T S I R B TSR E
T A 4 R S (R G B () 2 1A Ry — M e Y
AUAEIE . DA AT LATE 2o 5 8 4 82 1 2 40 7 58
[ B0 i A A T SR LA
T A R A B R T DL & LA Y AR Ok
IR, BRI A 0 R R R AN 2 R Y R
B, N5 & AR Z EJE T K
R R RERAE BOE AR A B Ry
FEWNRTT, PR B0 b T2 A R B SRR R
HFSREREMREE Y REESREREL
22 16 8 T LA e 4 B 175 A AT 2 Ol 2 Sy 1B
0 NEF I WOARE, EFSME TR



RN BEWA - 47 -

R E RS —H, WITR T AR IR S BT IR 5 B T 250 R T R 05 X B o
W AT LA TS B . TOBFICHE I . BT B B 2 T LR 2
A R R TR R M B I, R P — R A, E AT
KA. W BRI iR MR TR BT 2 ™, (B (e
FANE TS, BETRA L AR, B TR A B ok, LT fo
PRI WK TR S S MR L
GLRE T A B T R TR RPPCH % T Ak e, St 53 B TR
N

A0 0 A 5 RV ) S 2 o

WSt R AL e s sy BT RMERAR

I T AR (B TS 0 (R R4 TR R AR 2 P,
AR TR ARG, REEROR  ANAASE. RTENA. RTESL
PR A BT R T MR TR AR R TR R I P R B
R BT LATR ST R AT A, SCBLROR R R BRI, S = A Tk
WAL SR A B2 R, R TR RS SR R R, A
T B S R LA R i TR B T R SRR, KA
TR R IR . R TR R R TR A AR

( Ermemnassmemumnsie

I
[ ﬂ%m%] %%@%ﬁ&%% E¥M5ﬁ% 5¥Fkﬁm%
BETAHE ETFIESEML = FillE J& kb FE A

B2 R S ARE L S T 5

2 Basic framework and research scheme of quantum metrology

T BRI S EAG T, K2hpndmLs 20 EFEHENK
FEAL BRI AR AL AL B Al 2 M AR e T A A AR BT R O A LT
Tk DU At 3 o R UARAG T BIR S5 ) MR RIS . B TRE R EOREE M DOk, K
A PRAS TP BRIEAT T HOBGEA ROESE . X SeE ] R AR eI 4G S A R T I R A A L. e
ISR I EREWS 28 IR SR e G, RIS, EEESE G T AR RO
TR TRV T, AT = TR R FIRERER, sENHENRTRE, Fokk
REME L, FWENEZRE TRTSHMT S R&RER. ESImAMEST, KEMT
ABLERT EEMR IR . BARIR AL B AR 28 ST R LA A o M D i BB D7 ik P e . XT3
EIHIORGE, HEShr b HIRRE T 28T Mrnikim s, — Mo BUE 7 A 7 H A R
RRRGRARGRAEMKEE, RAEZEE. T MERMEE, 05— 5 /RT3 M2 % .
B MO FEA AL B L AT e PRSI A T 5T (EXF ROy E A0 T R4, BETT NG Rz
ZRR, XA AR DA T BAE IR I T RTRERIOT RO . AR AR N DN T R A T g
FEITHFR S H A IR AF B AR R ST R ) B A A AT S A A



L 48 - BAR

2023 5 43 % % 4

Y06 R S o R R P 1) 6 S B M i T
TR BRI, T B 5 i 3 R
BREOCHE . A )y bR B T IR ECE 1)
R MR EOG I, PO QFT 5T H IR B A R 1Y
XA . AT X FRIEIE , 75 & 7E MZL
THACh, Wit E AN Z, N, MZIRY
AL T A U(0) = exp( — iHO) KA,
S P B TR UR A Ry B H Y B KA S o
INARAEAE P SERE R S A B X O sE MZL T
OmE, HA AFAEM A, R iS00
JECARE Z M AR, 25 o Caves S ABFSE T 24—
B AN TE, 51— DR R B S0
TIE, BCRTARE T BR AR S W R A 7 Lang Al
Caves S NIEHEBESE T 24 H i A BL25 FTRAA A
AMTARR, 62 MZU WA AR Al T BRG BE fE
TR PR 5 Y B, AR T —
AR A LS RGBT, 5 Ah— DR &
A A, KI5 b RS R = E
{E A Rk B AL A A P BC 454 . Monras 55 A
WFFE T B = B A AE L BRI T MR S5
By IR, e RS RS R m Ly . Safranek 45
N I8 T Z R 5 18 2500 T W B LR 1R 25 1h) L
B E ARSI L AR RN SOBURE R 4 AR =UTR &
FIHAE, AT RO AL QFIR S M E 3L A A it
I Y, Berry 5 Wiseman 58 AWF5E T 7€ DL -8
AR SRS, HAemfF B sy oAt [ &
o Hny Fe OGS L AT e KAk
Holevo #H 1 77 22, 153 T &L A S 0B L.
Takeoka 25 N\ 45 & QFT B IER, UER T MZI T
AL ) no-go sEFE 4, BIE— MU A A
(AN AATAZS ), PIA AR 2Z [ R A7 A8 A A
BLEE BT, I3 A —A 3 H TG AT & 38
HRICHE A bR v i A, X IE 25 BRI
PR Y5t Afek G N S8 F AT T 5
JEF NOON Z 1y He 40 24 1 Fe 400 47 W L H i<
¥ REMME AT 15 dB 1 50T S5k
WE 3 Uik R DOE S S P OR3-S S W)
BHIWIGA, REHHE SRR, A g
XoF i 27 e W A R A IR A B R E
G AT GBS A i ASAIFSE

QFL By ™k B B IR A3l w2 gy, HAE
FEFREEOLT , XRG4 vl e A
ARSI, Modi 58 AWFSE T 5 2k B 19 S 804
THAE, S5 DLW R A% 38 2 8 5 i SR B TR 22 45
TR HES 414 fe K AR QFT B, X SEFR 2 4] 45
i BT SOR A ST i R B & R, Fiderer
S NBFSE T 2495 AR E IR G SN L IE
AR RS IE . i ARG 5 b — A L IR AR
WD S G E o AR SR i A& — R
SHBEAN RS L EAR A ST AR
B & NS A SR B Correa 58 AR5 T 5 fifi e Ak
TP AR 0 A PR B T I R R IR A . AT
BEMIR SR — D NAERSGS, KN AT E
M R — AL R R G, I HES
JRE 87 - A R A5 FIRE S T TLBE A DG BE B 2

FHEREE T RENRESERERZ
R HAT W P 1Y 1 T8 AR S T I o3 O B Al A
1, ERZHET, BNk R, X
ST A B AU S AR e . 7E AT DL SRS 5
FERF B QFL BT n s 00~ B Ak i ml A7k
HR AT BIMRAE . SR, i Ay 3k XX Ttk
BAEZZZ L, Wl 87 ko dr e 2 .
Dorner % AWFFE T 7EH51FE MZI 354504 0 e Al & 1
BWEIE =, Hdob2 B ] RRAAEOL# e . I
Doy AT LRI Ry — A [ 5 6 T EO U 2638
EREAEFEBE R R E T ERN . Hik, 4580
eALSE:, TG ST QFL SR fe i+ 82
(] Y R OG22, DA T A 38 i D ) MEE 230 o 2 AR 4
SR, 3K A2 20 B 7 AT SR A5 B A LU B TR BRI
&, WHSAFER MZI T X T S A 2 1) 25 e
P A, 2B T AT R LG AR H R A
£ o R GRS

AT oMt i, BUEIHEEE N T—
ey g R, RS BHE R LA LU
Tt EF S, HE24E8nRE, X
PaEE HeEN H TARKP RS Hw b, N
T REE WA R R RS, A U E T
SR E R, B4/ TR Frowis 5F
ANWFIE T 24K A e R GE MR A5 1R >, /T
A/ME RN, BOE T REVIR SN AEA,
BN RO R SR B R AT R T — RO



iR

T LR B0 B Nelder-Mead $4li 48 R H 3k 5,
WS BEHIERIR A QFLZ [ /Y AR R, M
T 330125 A YR AR TR A R K, 20 I 2 i 48 R
FE R R AR RSB A T T R AT A
EATE, AT AR BRI e R A e R TSR
JREL TRy R M, (HY AR T8 H KT 70
W, wOCHEAATC RGN 2 . X — S5 R WU
T, A AT R T RO A —
FE R o YA RA T, BUESRE
7~ GHZ (Greenberger-Horne-Zeilinger, GHZ ) 2 4 7%
JERAIAY . Koot 5 A$2H T A6 T EHIL A BT
ST, R O S B
Wi THRAE AR TS A A . RS S FIAR 5
S5, FEKRA QFURAE MR AL 1 7 S5
BN EME 3 Fros, Hod, T Ty o0 ik
AL S A, SV R4S, SNL 4 HIOKL I A
WeBR . 18 F e ) B A s ik R R T IR
JESR Al ) VR INPHE R - ARk Y SR
Bk D SRR REE ST 55 RS B ]

A0 USRS I S R TR
JEER R A b B BR o Mo B 7 10 FIR(E D7 v Y 1
HE, R I SO R W5 O S8 W
INAE 2R i 52 AR 5 ik BEBF Y 45 R R I 1 T AR
TR E SN RS2 98 55 Re B = S AU I
BOR R, RS bR TR, O T3R5
AREBORI i TR, W 20l I i A BT RAE
PEAT A, W AR M AT B2 SR T ROR
FBer R Cn 46 B R E R Bt — L mite, 4l
SRS AR TR o IWAESE ), KRR TR T
P ARG 0 D7 S 5 A T 2 B RS SR T S ik T
WM 2T R, BT R R R I R T R R
0 28 ML 2 Z NS5 A DIC S P B TR TR A 1 RE RS RH 4
T ORGP M 8 B B v TR
22 ETFNEMHK

T RS EARRE, BT iR e
i 3k X SLD B2 AF B AE AR AT 5 I s i A0, B
B 1 25 B0 2 R B B (AN 7 R LA v P
TRGH), SLD BAFMIARIESREA FARXED I
R IE SLD B4 B ARAE S, 3 A POVM I & 7]
REAN 2 Jry B0 000 S, A e 4 ) A R e 0 =
DUJR IS5, X AR 92 bR b il BRI PR . I

(a) BAE SN B T SRR
(a) Flow chart of optimization of input quantum
state by genetic algorithm

—-- SV
20— SNL
- =TI

O 1 1 1
0 0.4 0.8 1.2 1.6
Average number
(b) QFI5-F345t 7 iy EL (B B 3500 7 B 42 10 h £k
(b) Curve of the ratio of QFI to average photon number versus
average photon number

K3 T ERANE TR R T R 5 1 a2

3 Optimization scheme of quantum metrology and simula-

tion results based on genetic algorithm

L B I i — IOk TR A TR S8, A
S BT L e 5 a0 i) O SO AR AT e A
OO (B AT AR T R Y
AbPRTTES, O HA L [ I Ty Sk X E AR
Jey 3R AR, A A S B R A A A DL S B Y
[ A

A, R A G I T AR A
MZIFA o AR B B2 AR (Y — A2 D ok
FTEAGIHAEAL, 35— e e PR AR AL .



£ 50 - AR

2023 5 43 % % 4

SUNERRINAL REICIRE E i EVARN C G S e ME DR U 4
AE ULREFR A, M IR X I8 T 980 A A6 5 R AR 2 A
FHNE . ROTEARR T REMSTE T,
ST N CIE N o BN N DR E B VR K =i i S (155
WA BBTRAAS . mm AR 0 Berry 5FA
St T — B AR Y I B R AR I A AL Al T
G810 %7 SR TS T JEE R K (Holevo AHAN. 77 22 )
A S IS o AR DA >4 i P 35 2 0 7 58 9 1
N A s Sl ANV E L e STHEPS
F, ISR U AT A [m] P00 2 2 5 r ) e M R A S AL
HOR R R H AR R R X P75 RE RS SE I 1 3
fhTHARDE, I H AR SR e At

5 Z AR R DR LS A N T &, %
7 S8 2 A S 0 T i E AR S A 2 3R U A AR AL 5
i A o BB SE R BRI MU, R A
WA LA i— P =R BRSO IR A,
SRJE BRI AR HEAT 20 3L, X TR B R I
FAEMRN AT RE, BDOMI 1. Z&F Hi& W 7 B —1
AT R PEAL A eR RO MRS S A, B Rl g
FIRY S AR X T T oK R A 2 0 RS B KA 1%

PU

N

1)

(a) F GRS St i -0 i 2214
(a) Schematic diagram of adaptive feedback
quantum measurement

0.30
0.25

0.20
0.15

0.10

0.05

BAS RN BEFR B AR Ry BSOS BT
OB BE A I OB B S8 R R RO g G,
BRI TE KMk . Hentschel 5 Sanders 55
UNE RS R B AR 3 X7 N OIS B VRlE= Wi
L BORBEIE 4(a) iR . %R e
T2 YA 45 R A7 5 R — YT AR A R T — U
GORZAAIE A AR, X — LA b 1 48
RS, Bkl R AL SR R A E Y B A
PGS b, AT LU AR AE 2 0T )
SRR AE R, BRETS B R L, R
AR A AR T VAR HU M A 1 RE ), OF ol
I TAEGEN TR, WE4b) iR, Kb, v
Holevo /525, N AT H. Peng SF NiE—24EH T
— A T, R AR O(NY), 5
B, Lumino 58 AN FE TR FHER X EREER
AN TEATSEH 2 WA R A8 I 1Y A 3 A v
HEFRPR Y, Sanders FFACH#E— PP EL T A iE
T A AR, R TR RO A R SR
FREE R Z D T EER S B 1001 A . A&
P BT am A I Y B S RS

BWB Protocol

x *PSO optimized(AD . AD....., AD,  Ap)
~ =Globally optimal pdiicies w
S . —Heisenberg Limit
L
N X
\: %
\\\ . 5
T 0ra A
- "
0.5ber A -~ R
0.3 3“\512?2:‘:\__& S \ - %
’ \x:z‘; 8 Sa A - %
X el B Salan=40% . ox,
\\"goﬂoo ,}7:20% - x
x p= )
01 \\\\\*:35 on=10%|
435 6 7 8 10 1214/x1=0
4 5 6 7 8 9 10 11 12 13
N

(b) BLF-HERRF A5 0 B 0 S0 i G B £
(b) Estimation accuracy curve corresponding to particle swarm
optimized adaptive measurement

B4 TR IR F S N IR T 5 5 B A R

14  Adaptive quantum measurement scheme and simulation results based on particle swarm optimization

=

PSR T A, Wiseman 8 A2 H T —
PRS- 3 0 % 25 I B AR Al T O 8 Y,
2 J5 kil i i A T AR L EEUER P, Olivarse 5
NSRRI, FEF 228, Rl A6 5 R 46
SRR CHE, IR T — b DL HE T Y [ 35 Y
B 1 W o1 (U R 8L [ B v | B A S S =

[66]

TEHTHE 2R AF NIRRT s fi e 2 AYAE ST . Berni
S NS B b i i A 46 D' 45 4 DL ik 30 4F
ST AERFZERMITR . Wheatley 2 AR
P B 3 R 2RI T 0T 4 5 B TR IR O ok
i BEHLAR AL EE RS 7, Wiebe 55 A4 H 45 24 15 %
F8 1 3 PN T 5 S AT s DL eS8 4 e



iR

HETR - 51 -

Xiao 55 N4 T —Fh W /R (9 S o mg , JR4S 6 i
U DL i3 07 SR AT B ARSI B, % R RE
JEE SR BT AT S ST R, JF HA A
Jel AR R, IR T R ARG TR Y, Fi-
derer 8¢ N3 H T —Fi 3L 00 28 9 45 19 [ 38 1z DL it
WAty 52 B &l , A BRSSO
O AF I 5 1) - A AT S R R, DT 4 MR £
A L e R R 1 7 %8RI LARE R (T IS
Ab PRI VE R 7 AR BEA T S H T

BT A2 S b i T B R, W2k &R
CRE S I 5 BE M . T 22 R | BAOGFHR A
SIS, P ORI s A RO AR
J5 1A R i G SE LR RO I & 5 KBRS
DR, 42 A AR 23 F i R 7 S TS AT RN
TR TT % S 1G9 [ i N 5~ I 4 ) 52
P, DA 52 0 K 2 o I A 1 SE PR
FR 7% JE AL PRI T 7
23 ETFSHUIEML

B LGS, T 285 55 D0 Ak A A 7 42
RIPIERZ R T L b py &7 a8k, mRBeitie
R AR O R, (H A2 T AR R R
il JC kLBl i A S I i R LA E A
B BRI SRS, AU T
R = AN K = R R A SN N (R e S S A |
PLX 73, 5 AR & ot 2, X dAs
ARSI BT A SR Tk 45

XFFHELLSE I AR I E R, ]
DLSH i %k 32 oy S - A kAT i R,
2 — 0 AR SR, AR &R E &
AL RE R A S R IO - 5 07 SR AR A B AR Y
ZHA T . XS RGO R S G  T O
TR I RIE] 5 & OB T 7 A ) - 25
D, T 1 R 8 ) 5 ORGP 1 TR
MNTXS AR T FHERAE S I T B m iR . =B AR
PR TR A B TR RN, Wil SIS REER
WA A DA B R R R R, e A
JE ARSI B, e FRE S IR
SR SRR G R S HCR AL,
MM e A N A 3 4 T S RAT X I 4 e 2
WA FRAl R IR BAESUQQ)E R &
GiA3H) TSRS M Pang 5 A SR T B AH G

s B R A LR AL R, SRR
ARER Y 3 A 07 2t I T R G ey 285 i 2 KA
T QFIRY L5, I B 17— s Y & 13
PR WU, R B TS O 5 Y e R T
AGL, TR ER, X T AR GO
XS SEES A G AT SN, BT IRk
RS BAG TR FEAR BRI 2200 10 AT Hh A
TR PR AR T T RAE, I HAE A A
e, U Z BOG THR JEE  BRS BE AR A QF I
Pang ¢ A\ Jm R T 16 32 BRI T IR P AR S AT 42
A NS EN P2 G BT T T
PEAE S R 1R 4 B S RO T b g A
HX) T A R R 2 RGBT AL, b7 ik
ok R B TR R . I, W ESR A
BUHTTVE AT TR i

R 50 A R R 27 e X 1 JH A e e
o pr e, BB T BRI RBAERNIE,
T A TR R AT T R T
RAE BAE N HAR R Bod S e i I 2 5 QFT 2
[BIASC AR, R ABE L b TH kb 33 (GRAPE) K AL
BRI 2 i TR A NN R KA QFT. X1l
WA NJFEER ] GRAPE BT T 22 B AT
O BT IR SR, R TR T 2 R B M R
T AR A B AR eR . T i R R T 9
IRAR B 09 7F S i R S R T i, M
52 B SO e ATt . B TR S L G 2
Sl KA S 2R B BRBETHAR, Xt T RN A 2 Y R
MBERGE, WA eR RO AN 8 75 2 4 2 1] A 6
TEAF o T Hb— T s S I8 2R 1 22 73 1 DU SR i
A BREC S TS R Z MR, A T 2
Z R BHEAL PR . Xiao % N5 R S BT R B, Xt
TRIRNAGT, FeT 220N BoRs AL 1R B 07
SETH e AL P B AN AR E B TR, 3 5 AR T AR
A G R, R TR L LA S AR
PRI AR o Xu A AT A SR TR BE SR Al 2 > B0k
WEFE T TR S S TR R IR AR
R I FE B AY S A0 T8 5% — IR Bk (A3C) Al
Ui S DL AL SR (PPO ) RAR AL = T4 7515 R
TR 2 AR A, Gl R R
Jily B8 BRI G it 1 PR PR o A AT SR IR
i SR WA B2 5t Ak 2~ 51k (DDPG ) SR 5 2 2 i



- 52 - FHRITR

2023 5 43 % % 4

FOAt TR A, JF5E@ 48 F GRAPE By #EA7 LU X, &
B DDPG 83k B4 AR AT 2 28 B o s i £ Ak
B H1 o Xiao &5 A XoF Hsf ] S K fr) ey 25 1 it 2 40 A
TR, SR A3C E LR ik & 7 s 7 51
Bka I 5 (a) s o WFSY & AR I ] S B A,
Xu S N HE 1R i R BOTC A E B A QFL
5T QFIANTE— B 9, BRI TR 2% Xu 45
NHR 25 BRECEAT B IE o Xiao B A$E T —
i — e A i 22 pih pR AR, 12 PR BE 8 2 Xu 55

Output Layer Quantum control

-

T~
L} o
LSTM Cells Action Qubits
- .
MLP Layers

- 0p() =i [HDHO] + T [H()]
State Aware Units Qbservation.

DRL Agent Reward = Quantum master equation

Update observation
Policy brangh P Y ]
° Actions Quantum Next state

- h(kAD) —Evyolution \ ~p((k+1)A7)
p(kAD):
Policy and,,_Policy and ._\Reward value
@ Tstate zalue Valug loss R(F (kAt))
value branch J

Gradient BP for policy and
value branch respectively

(a) BT IREE AL I AR5 5 - S8k 5 5218
(a) Schematic diagram of quantum parameter estimation of
time-dependent signal based on deep reinforcement learning

&5

XFAR SR AT REIE, it i — L
E MIN T AR A T R AR TR . TR T
PR AR S T R ASIRIE DL QF UM% Lt AT
etk o {H2 Y RGHBOEHTY RIS, AR 71
ARG QF LA By 2 AR H IRAERY , Bl 1 AR
AT R RORIE RO K . NI, RAERAIET
QFIBYPLAL SRS rT REA FEIE T, 75 2R AT i nl 47
R JAS R EORAE S D0 H B o AT B 50 SR JH 22 4t
B R AR B MR TR B, e R
PRI RO TR BE 2 > 3k, ARz i, Rt
IR I B89 R LA 0 45 5% 3R i 5 2 B R T %
PSR /N 25 v, R 28 AN ZOR il QFRAR
o HMEE AR S, T R TR 46 i R
ap Y S Ah, AT i A AR QFI AL TR
K TR QFIAERY (R, BI85 T BEHL
SRy BRI R 1 T Sl QFT, RUE A TR A

B 2 il ek K, HBEAE R[] SC I 3R 48 i R B
Raf, PiESCE AR A 5 (b) i, WERLY
] VA B T AL AR BE S AR AR OR QFIL, 3 4h,
Xiao 58 A B~ JLAT A0 A 4 17 I 0] SCHR R G2
AL QFL, FfFat—B 45t T & WA RGEH) QFL Y I
o RIIRE EAREHEARN IR, BT LS
FRB0 BT R SRR JC kA RIOR il ol i 52 5 A
WIESE T GRAPE B AL R A2 i), B
HEEB BN .

10

10°
=
o

100 L

® A3CLSTM
Max QFI(Quantum Speed Limit)
== QF1 without control
102

2 4 6 8 10
Times durations / T

(b) QFIFHIHE LIS (b Hh2EI2]

(b) Curve of variation of QFI with evolution time

BT IREESRAL S > B BT 45 5 58 5 0 LA R

%5  Quantum control scheme and simulation results based on deep reinforcement learning'

89]

IR ELHEEEON A ) ) VK L S L,
A LGE AR A B AL QFLEEAT AT, sk
AR T REAGTE QFL, ARSI AL

it T 2R TR 8P AS LR X 7 e 2
ARG AT, bR T AR AR AT
PP BT AR RO R YR I A R
FBe, H BRI I R fi g 2R 1] AU A7F 5T
SRINAS 2500 21 i 2 B B AR o A R I
A5 2 B R BE AT A0 A 0 R ] 1 MR RS AR
By 1kt T A AR AR T, AN REHE I b o A
BR o 1 20 A A A PR A i B 2 S R — A R
{4 23 18] ) 525 (] i A R RG2S AR 1 25 )
PR AR BE i 21— 52 A7 3 AE % 1K BT R AY
SOMA o 2R 22 v OF R AT % T 2 ) (RS ) S
FIRASIC B IEAS T2 6], D0 A e AG I A2 G . A
R EN T, TR TS R Y T



iR

SER - 53 -

FR, BRI TR Z S
) 52 M 1 R AIE S 80UF B2 52 o Kessler % A
PEWIFE TR PRSI E T E T REYEHAR
B FEAR Z AR T RESR, hiE T IREY IEH
ARG %00 A b N 5 T R SRR
AT e U T A 7850 b B 451 . D5 55 Wi i3
A5 1 e 5 A B (1% 3fe FRAE R 7 45 0] () 45 5% A8 4
JE ATHAR g i i 2 s R B BT R R R s @
I B A A A OT R AT 4 B s R AR R AR
FrAR g e (G280 A O SRAT ) , HAE RS 25 (8] (9 7
ZMERKERTE, BXTSERKQFIAT
o B FEAKICE S T R RE S LR IE RS A
() 8 8% L 1) R S MR PR e AL JS A e A . Wur 5 A
W AT TR 25 A IE R S BT S
BAGTF AR 2, It 2 AR R
- LU RER R T RS [ M S S e, AR T A
o o R R R % X MR R % 0 i A A T AR R R
B AT o Unden 55 AGH i) 5256 UE 904 7 85 52 A9 £
TIREKIE, FEREEHE S aUEE, TR
PrERIR A FE R AEA8 S R EERAE T Hs2 i 7

Zhou %5 N M S AW SE SR A R MR A5 T Y
- 2 o A B R T B 1RSI0 6 P i Rl BEME
SE T — N EN, RPN A AN BEWL Lindblad 5547
R A R RN, & T a4 H RS RIE R 5t ik
F AR AR, I BB T — A 2S [
F BB . Layden 25 A ) B 5% & 81 8h 25 240 7 ik
HEed o LS5 ESMENIREEMS . 00k
I B2 H AN HIF 5 FE S v (3% F ] e 7 AH Gk
M 2 24 8 G 05 7 28 M H 28 [ AH OCHE o Layden 5%
N PO SRS R, Y R G B S S
B H SR, AT B A ) A B AR R
e A TR 2 AR IR E T b
T4 T — A2 R 2 7 ok - 4% e e 1R 5 =
JFAE 1R AH - W P R0 FE B (AR AE E N 4T
BT, BB TR AT . Zhou B8 A 1V
P T — R AT IR AL IE RN, TR —
MY B 3 2B 7 S I AR AR T R
AT PE it T —Fh TR B 7 A AR .
Shettell & A "' 43 Hr T 3l 1 45 A BUA 1Y 3L br &= 7
FRTFB, b 1R 25 4 1F 1 R 25 0 1 1) S PR
PRI, eI T & 15 22 2] 1E F AR XK 52 i AR 2R 1

FROEA B . Rojkov 58 A 1 ffF5Y T HE FiR 224
TEF RS 18 2 0 & 2800 T e B S R B v
P 2E P TR R . AT T A 20X B e 22 T e 2
RGP AR RS L T R, IR AR
W Egs I T E/N AT R IAE S R T, TR Lk
I [) 108 22 2 T 1) S 3 R 15 o AT T X R
ZAN J s T ] A B Qi 254 R A I Ak . Wang 55
Nl RR YO F B A R REs i, kT
AR B R 25 A IE e - Bk BR R BR 7 i, a5
GG E B T —Fh R B PR Y A SR AR O
ZU SRS T TR R B & X
i AR AR AR A,

H TS B e A RS S
D GE IR AR, (2 R X i R AT
AR AR TR, BXAE S AR AR — Y ),
W AEAE i e . AT R R P A R A
Bifi 75 HOR B &, X B n) A R L B A 2
WP, WRIRBHRE, KRBTSR
LR A A B IR P 8, A g
GET R BRI, Bk Bk B A iE
PEE ARG S B A A 2R eR AL
SR S BRI B L e R R . Si Ak, &
R 25 ) IE 4% R Y i B TR A O Pk AR
()AL PRl Sy o R FR) W P RE A8 5 4 8 5 AT k5 1Y
FEY, MEFHEIERERBENIR. &
FHREW R FSUSZ R AN, iz
BAb T R B R bR TR . R, R
P FAMMAET S TSNS it
BALFER B D SR SEUE BAE A g ST
Jo PR AN AR 2 i R 9 I AR T, A D
RETERFEBENENZEL., BE, & F455%
T F ARTE LS EAN T A7 3 2 Y WF 52 7 S8 AR G
5% FEE AR T D EXT T 2 S Al iR
B, TR RS AR e, T EE RN
LA G A I P OO K (s W T W A STE /A b
THRAR I R B AR BB AR AL Sk S
FR A 0 2 i o A 2 S B % D e 2 AU 1
MR REIT M Z—.
24 FREMRWL

R LA B U T AR S U T
PRI PR o 5 Ak B A FR 43 IS DA 12 S5 1 i



© 54 - ZEWR

2023 5 43 % % 4

BER A b S B AR R AT BARJS A B
AN C WA SR AR EERBR (AR 52 P b PR
AR KMEAIIR A L TSR R
A BT SRR AT e KR R A T4
BRI R AR, EREIRIES B T i A
K RER PR o X T 52 A A M 3 20 A sl 25 IR 7 i Ak
f14 5 25 I A R SR A, R R B o A
T AR T ERL, SRR TR AT,
FARME T E AR A o e K m AR A T 5
S RIREAFAEIAUA [RL R

T SCHRIETRIRR A5 R e 28 o 245 R A
3 Z20 R RV R A1, SR SR W 5 ) SR
RAGTFARFNSEL ™ . Valeria 55 AR T2 M
ZRORAME R T T, AR B Rl A
SRS AT I A B e 22 R 2K O A, AR A SR I AE
[0, 2 | NI ST RAE AR BB A b 2 2E AT B I
Hio JEA, Nolan 25 AR HIFL & 5 > 53538 DTS
SRR R BT A AT, 8 DU S 2 A
] RE e Al —A> 22 3 S ml il 1, OB 2 A
25 T ST LA A A B SR R, AR R
XA RALSRAG T AT BRAEEA R AT . Ban 45
N 3 R TN T 28 0 2% 3 7 k7 R0 5 R R 2
B MRS R 0, GEREW] . 2l SE oIk
F1% 1 228 0 4% BE A8 7 5 A At B B A 2 iy 7 )
DL, DARAE diy T 00 R i 7 A Y 25
KLMEFE T, DhdRe /)N Bt 4 B AU S HOR R AE H
Pro Jaok, Chen S5 AH i 58 8 1 B 7% 1 iT Ak
% BRI 7T B AL AR o T SR TR
AIATPE T Cimini A5 AR B 2 ) A AL 27 o
(IR G J7 X 2 2 SR T IR Y s Ak B AT
IR e, SR S ) O S BT S U
AT b, SR T IR R A 5 SR
AL RBOC 2R s AR, I DL IS8 o U 5 25 45 5
g > Sk X 22 2 Bk AR A T AT A 3
i, LASCBUE ARG BEAR R o X A T AL a2 > /Y
DU 28R T ) A 4 7 25 & ik g R
A EATARAT OO AL, T R O S Ak B R R 2
BORSTHIRIRR, D8R A 9 7 5 vh i AR AR A
MER AL T g T 58 e (AR AR, X
Tl 5L T W B 22 S 1 5 AL BT A £ S FIORG 2
RIS Sh, HEARW 2Rk aT,

AT 265 N A 28 ) 28 g I ety o T — 5 IO MEJE
T8, XA EER R AR A RO AT U R R A
AR R 25, AEAEA ROV DT A — 2 AR A

3 ETRENENETTERE

IREACON R NP N RS S ]
Wk TR RNLE Sk R TIEE T,
ity Z T R AT TR R T], TSI
T HORR R ERAE o R I A 55 TR R AT
D = RN i B K o 1 /R P o 7l o o L
I A i A T DA R — MR ER Y i R
i, H ARSI . & A A A S
TR A A VERC . & 745 % D & 2 504G
AT B8 T 5K 4 s SR 1y & 7 LRl 2
JE R AT g AR, TR TR A AR TEIR K
AR FH I 5

Koczor 5 N $& 1748 73 F-A8 i FRG B 7
22U, BRI £ AR S AR A 5 R Y
e h e TR, SR TR RS
REAZ v IR MRS 52, JE T FIB R . Meyer 88 A
$Eih TR T 2SR R AR R, B
B AR P 28 AN WO AL SO A A S T X
BT R ALY T AR o BT A SR R
F 2% B 5 A0 0 MR RS M RE A S M, OF BRI LUTE
NISQ (Noisy Intermediate Scale Quantum) 3% % [
1o Zoller 5 NEF X B T BE RGT P AR K A e LL AR
PEAT ARGy AR AR P Y E e, MR IR
HERGE MM B, K5, RITE TP
RGP S TR B AR BRI AR 4
2o e 5 Y A e RIOR A 24 S o3 B R
YER L, SRE AWk il R8s &
THRAERE S (015 JL AL A S B A0 10 5 1 H i TR 4
&, MQFLABIE I, XMy IR T A&
o B i 7 S8 4 1Y de U 1 28 TE S5 b JE ik
AR AT, RIS 5 T AU 5 1Y
A S AR ZE SN 2 AL oy 4R AR 2 IR G
Ay 58 1 AT T BRI A A
BRI, RIDUM ¥ 07 iR 22 AR R, AR
QFL, T FLfs DAtk 285 Ay ) o AR 4 43 A1 rh R L
MLREHEAT AN . i 2R UG, A
it FEAE S A i H R4S,



iR

SEPR - 55 -

I Hoxh gt 2 8005 2R A 11 A B AT i g A e
B 2 T B PR R RE AR AR AR A B
AT AT BAAE 16 H 5 FE A B 88 1 B R S8 b X iz s &6
HEAT T SEBRBIESE 1Y, S PR RO BN RS s
BUAR T 4RAE DA S B SR AR
BB, BB T IR R BLE AR A BT,
ARARAE KRB ES T BF 2 48 52 BT AR
B 2 B T8 A B T4 Bl I A RS B AP
Zhang 55 N\ o 44 £ ) B2 (1 1 LG ) TR
DA 73 A 2t A% R 2% 1 1 23 A AR, AT
22 S 0 2% A R A AR T2 )y S el vy
T, AP R B T 2R RGP AR LRI S
A, TR PR IT AR g I e RO R,
I AT AR SR A O g SRR Y AR TP Liw
FEARH T A B T AR s Ot A
TEREAL R A 3107 58 10 Gl 5L —AS/ N o 1
Yy, AR LTRSS T g i — R I 25,
ik T DL 5 6 Bt L i 268 24 T8 4 38 A0 i ]
tesh, i I IR B BEAT S, BT
I B I T 58, R T AR I B A IR JEE i 3
HERREEARIE 1T, Ding 55 N AE 41 2 (K HLIEAR i 1
G BRI B R SC B T4 Sk 1 B )
TR AT K AR Sl 4 N Al 2 5 Bl
A BB T LR A A e R AR R B4, IS
oL mE SRR E AR W Tl AR IE LD
b, AL TP ARG R R R, 5
R RGEMEL, T 2R, A
REPEHM T 3B Nias F AL T —Fhid
Aok 2 25 WL A Sk ) i S oA 39 i s B SR A T
S AL T RERUIR AR R A R GERIEREOIR S
4 e 7 9 E KR B bR EE B E, R T
FRbR REAE , JARRAE I ph A I 545 H08 o A I st
R . EEME, XFERERE#RBL T
PR A PR, DO b T LA R B A PR AR A
i o IF 5T T 2 MR ZR G P A S Al B AT
SR OO BRI R AE AL AT DU K B R oA
AL L JHY, B RE YRR R U
PEJET 1A 28 F B 1 B & b B LU AR A AT e
CalUs 7k EmERE, I CHEART 2RUS T
SERVE R AL . T A T R 2 v Y T 46 A 2
PEJ7 EARTHMERTEE, RARETRTZHRALN

A O R AT S P B 2 R R B
PR DA G 2 1A 2R rp e 2 0 T 4 R 2 2 R e
A N JC U B R R . J3 4k, HET R IFRER
Z AP PR ST RS 1 B AR ST B e
g PEPE R LS. H Rl 2R R T A
T AT g AR, ELR R R 22 Y (R A
A I AR A, P 2 M RS I R
R I R R A AT R AN Z — o M RTER P
SCRFI AT G REE AT LU AS BB AR SR i U
1 A ] A DG A A G A B R T R AR
AT (B HE, DR R0 B BEAS 10 RN 1 B
IR A B IR R ARG E AR BIR

4 BEERE

4T TR I R R AMES X A
KRR T8, fMRE/RER. 21
B IR AE B S XTI ) s fE SE R BEAT A, A
T AR AR s o SR i R T
2 A ) =S BEAR B B AT e A ) g, B T
Sl g SRl . B AR &
S AL BROCAC S, IR A T A RS O S Y K Rk
2R B0k, A RS A TT AT AE R IR RELA
ARERY AR T R E R K A . BT IR EOR
18 YO e JER 4 A D R RO TR EIHLIE
A T 0 A S I AR %) B R S B E JRE R AT
SYBTEAS,  BR R R TR N T R E
el . ArdmAe b i e, RIR —4QnT g e i 1 1% I
fiv o FE TR g PR TG TR I R D7 Sl
HAMF MR ARG TR, Wi 2k
T T R R R A DL AR AR

S 3Ltk

[1] NIELSEN M A, CHUANG I L. Quantum computation and
quantum information [(M]. Cambridge University Press,
2010.

[2] DEGEN C L, REINHARD F, CAPPELLARO P. Quan-
tum sensing[]]. Reviews of Modern Physics, 2017, 89
(3): 35002.

[ 3] The LIGO Scientific Collaboration.A gravitational wave ob-
servatory operating beyond the quantum shot - noise limit
[J]. Nature Physics, 2011, 7(12): 962-965

[4] WUY, JELEZKO F, PLENIO M B, et al. Diamond quan-

tum devices in biology [J]. Angewandte Chemie Interna-



- 56 - &

ATk

Slir

2023 5 43 % % 4

[5]

[6]

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

(15]

[16]

[17]

[18]

[19]

tional Edition, 2016, 55(23): 6586-6598.

ANTOINE C, BORDE C J. Quantum theory of atomic
clocks and gravito-inertial sensors: an update[ﬂ. Journal
of Optics B: Quantum and Semiclassical Optics, 2003, 5
(2):S199.

GUO X, BREUM C R, BORREGAARD J, et al. Distrib-
uted quantum sensing in a continuous - variable entangled
network [J]. Nature Physics, 2020, 16(3): 281-284.
ZHANG 7, ZHUANG Q. Distributed quantum sensing
[l Quantum Science and Technology, 2021, 6 (4) :
43001.

GIOVANNETTI V, LLOYD S, MACCONE L. Quantum
metrology [J]. Physical Review Letters, 2006, 96 (1) :
10401.

GIOVANNETTI V, LLOYD S, MACCONE L. Advances
in quantum metrology [J]. Nature Photonics, 2011, 5
(4):222.

PARIS M G. Quantum estimation for quantum technology
.
2009, 7(S1): 125-137.

PEZZE L, SMERZI A. Quantum theory of phase estima-
tion[ J]. arXiv Preprint arXiv: 14115164, 2014.
HELSTROM C W. Quantum detection and estimation
theory [J]. Journal of Statistical Physics, 1969, 1 (2):
231-252.

BRAUNSTEIN S L. Quantum limits on precision measure-
ments of phase [J]. Physical Review Letters, 1992, 69
(25): 3598.

SEVESO L, ROSSI M A, PARIS M G. Quantum metrol-

International  Journal of Quantum Information,

ogy beyond the quantum Cramér-Rao theorem[]]. Physi-
cal Review A, 2017, 95(1): 12111.

CLERK A A, DEVORET M H, GIRVIN S M, et al. Intro-
duction to quantum noise, measurement, and amplifica-
tion[ J ]. Reviews of Modern Physics, 2010, 82(2): 1155-
1208.

BREUER H P, PETRUCCIONE F. The theory of open
quantum systems[MJ. 2007.

TSANG M. Quantum metrology with open dynamical sys-
tems[J]. New Journal of Physics, 2013, 15(7): 73005.
HAASE J F, SMIRNE A, HUELGA S, et al. Precision
limits in quantum metrology with open quantum systems
[J]. Quantum Measurements and Quantum Metrology,
2016, 5(1): 13-39.

LU X M, MA Z, ZHANG C. Generalized-mean Cramér-

Rao bounds for multiparameter quantum metrology [J].

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

Physical Review A, 2020, 101(2): 22303.

YANG J, PANG S, ZHOU Y, et al. Optimal measure-
ments for quantum multiparameter estimation with general
states[ ] ]. Physical Review A, 2019, 100(3): 32104.
GUDDER S. AS Holevo, Probabilistic and statistical as-
pects of quantum theory[J]. Bulletin (New series) of the
American Mathematical Society, 1985, 13(1): 80-85.
LIU J, YUAN H, LU X M, et al. Quantum Fisher infor-
mation matrix and multiparameter estimation [J]. Journal
of Physics A: Mathematical and Theoretical, 2019, 53
(2): 23001.

DEMKOWICZ-DOBRZANSKI R, GORECKI W, GUTA
M. Multi-parameter estimation beyond quantum Fisher in-
formation [J]. Journal of Physics A: Mathematical and
Theoretical, 2020, 53(36): 363001.

PROCTOR T J, KNOTT P A, DUNNINGHAM J A. Mul-
tiparameter estimation in networked quantum sensors[J].
Physical Review Letters, 2018, 120(8): 80501.

HOU Z B, TANG J F, CHEN H, et al. Zero-trade-off
multiparameter quantum estimation via simultaneously
saturating multiple Heisenberg uncertainty relations [J].
Science Advances, 2021, 7(1): eabd2986.
BRAUNSTEIN S L, CAVES C M. Statistical distance and
the geometry of quantum states[J]. Physical Review Let-
ters, 1994, 72(22): 3439.

YUAN H, FUNG C H F. Quantum parameter estimation
with general dynamics [J]. NPJ Quantum Information,
2017, 3(1).

YUAN H, FUNG C H F. Fidelity and Fisher information
on quantum channels[J]. New Journal of Physics, 2017,
19(11).

HUANG H Y, CHEN S, PRESKILL J. Learning to pre-
dict arbitrary quantum processes [J].
arXiv:221014894, 2022.

HUANG H 'Y, KUENG R, TORLAI G, et al. Provably ef-

arXiv Preprint

ficient machine learning for quantum many-body problems
[J]. Science, 2022, 377(6613) : eabk3333.

LIU J, ZHANG M, CHEN H, et al. Optimal scheme for
quantum metrology [J]. Advanced Quantum Technolo-
gies, 2022, 5(1): 2100080.

TADDEI M M, ESCHER B M, DAVIDOVICH L, et al.
Quantum speed limit for physical processes[J]. Physical
Review Letters, 2013, 110(5): 50402.

OKUYAMA M, OHZEKI M. Quantum speed limit is not
quantum [Jl. Physical Review Letters, 2018, 120 (7) :



iR

¢

=7

B - 57 -

ik

(34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

70402.

DEFFNER S, CAMPBELL S. Quantum speed limits:
from Heisenberg’s uncertainty principle to optimal quan-
tum control [J]. Journal of Physics A: Mathematical and
Theoretical, 2017, 50(45) : 453001.

PIRES D P, CIANCIARUSO M, CELERI L C, et al.
Generalized geometric quantum speed limits[J]. Physical
Review X, 2016, 6(2): 21031.

YUAN H, FUNG C H F. Quantum metrology matrix[]].
Physical Review A, 2017, 96(1): 12310.

CAVES C M. Quantum-mechanical noise in an interferom-
eter[J]. Physical Review D, 1981, 23(8): 1693.

LANG M D, CAVES C M. Optimal quantum-enhanced in-
terferometry using a laser power source [J]. Physical Re-
view Letters, 2013, 111(17): 173601.

LANG M D, CAVES C M. Optimal quantum-enhanced in-
terferometry[]]. Physical Review A ,2014,90(2) : 25802.
MONRAS A. Optimal phase measurements with pure
Gaussian states [J]. Physical Review A, 2006, 73 (3) :
33821.

SAFRANEK D, FUENTES I. Optimal probe states for the
estimation of Gaussian unitary channels[J]. Physical Re-
view A, 2016, 94(6): 62313.

BERRY D, WISEMAN H. Optimal states and almost opti-
mal adaptive measurements for quantum interferometry
[1l. Physical Review Letters, 2000, 85(24): 5098.
BERRY D W, WISEMAN H, BRESLIN J. Optimal input
states and feedback for interferometric phase estimation
[J]. Physical Review A, 2001, 63(5): 53804.
TAKEOKA M, SESHADREESAN K P, YOU C, et al.
Fundamental precision limit of a Mach-Zehnder interfero-
metric sensor when one of the inputs is the vacuum (1]
Physical Review A, 2017, 96(5): 52118.

AFEK I, AMBAR O, SILBERBERG Y. High-NOON states
by mixing quantum and classical light[J]. Science, 2010,
328(5980) : 879.

SCHNABEL R. Squeezed states of light and their applica-
tions in laser interferometers[J ]. Physics Reports, 2017,
684: 1-51.

HU LY, WEI CP, HUANG J H, et al. Quantum metrol-
ogy with Fock and even coherent states: Parity detection
approaches to the Heisenberg limit[J]. Optics Communi-
cations, 2014, 323: 68-76.

SESHADREESAN K P, KIM S, DOWLING J P, et al.

Phase estimation at the quantum Cramér-Rao bound via

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

parity detection[J]. Physical Review A, 2013, 87(4) .
43833.

HUANG Z, MOTES K R, ANISIMOV P M, et al. Adap-
tive phase estimation with two-mode squeezed vacuum and
parity measurement [J]. Physical Review A, 2017, 95
(5): 53837.

MODI K, CABLE H, WILLTAMSON M, et al. Quantum
correlations in mixed-state metrology[J]. Physical Review
X, 2011, 1(2): 21022.

FIDERER L J, FRAISSE J M, BRAUN D. Maximal
quantum Fisher information for mixed states [7]. Physical
Review Letters, 2019, 123(25): 250502.

CORREA L A, MEHBOUDI M, ADESSO G, et al. Indi-
vidual quantum probes for optimal thermometry[J]. Physi-
cal Review Letters, 2015, 114(22): 220405.

DORNER U, DEMKOWICZ-DOBRZANSKI R, SMITH B,
et al. Optimal quantum phase estimation[J]. Physical Re-
view Letters, 2009, 102(4): 40403.

FROWIS F, SKOTINIOTIS M, KRAUS B, et al. Optimal
quantum states for frequency estimation [J]. New Journal
of Physics, 2014, 16(8): 83010.

SINGER S,NELDER J. Nelder-mead algorithm[J]. Schol-
arpedia, 2009, 4(7): 2928.

KNOTT P. A search algorithm for quantum state engineer-
ing and metrology[ﬂ. New Journal of Physics, 2016, 18
(7):73033.

POLI R, KENNEDY J, BLACKWELL T. Particle swarm
optimization[ﬂ. Swarm Intelligence, 2007, 1(1): 33-57.
MNIH V, BADIA A P, MIRZA M, et al. Asynchronous
methods for deep reinforcement learning; proceedings of
the International conference on machine learning, F, 2016
[ C] //International conference
PMLR, 2016: 1928-1937.
LILLICRAP T P, HUNT J J, PRITZEL A, et al. Continu-

on machine learning.

ous control with deep reinforcement learning [J]. arXiv
Preprint arXiv: 150902971, 2015.

XIA B,HUANG J,FANG C,et al. High-precision multipa-
rameter weak measurement with hermite - gaussian pointer
[J]. Physical Review Applied, 2020, 13(3): 34023.
BERRY D. Adaptive phase measurements [D]. Austra-
lia: the university of queensland, 2002.

POPE D, WISEMAN H, LANGFORD N. Adaptive phase
estimation is more accurate than nonadaptive phase estima-
tion for continuous beams of light[]]. Physical Review A,

2004, 70(4): 43812.



© 58 - AR

Slir

2023 5 43 % % 4

[63] WANG X B, HIROSHIMA T, TOMITA A, et al. Quan-
tum information with gaussian states [1]. Physics Re-
ports, 2007, 448(1-4): 1-111.

[64] FERRARO A,OLIVARES S,PARIS M G. Gaussian states
in continuous variable quantum information[J]. arXiv Pre-
print quant-ph/0503237, 2005.

[65] BRAUNSTEIN S L., VAN LOOCK P. Quantum information
with continuous variables[]]. Reviews of Modern physics,
2005, 77(2): 513.

[66] HENTSCHEL A, SANDERS B C. Machine learning for
precise quantum measurement [J]. Physical Review Let-
ters, 2010, 104(6): 63603.

[67] PENG Y, FAN H. Feedback ansatz for adaptive-feedback
quantum metrology training with machine learning [J].
arXiv Preprint arXiv: 191003181, 2019.

[68] LUMINO A, POLINO E, RAB A S, et al. Experimental
phase estimation enhanced by machine learning[J]. arXiv
Preprint arXiv: 171207570, 2017.

[69] PALITTAPONGARNPIM P, WITTEK P, ZAHEDINEJAD
E, et al. Learning in quantum control: high - dimensional
global optimization for noisy quantum dynamics[ J]. Neuro-
computing,2017, 268: 116-126.

[70] PALITTAPONGARNPIM P, WITTEK P, SANDERS B C.
Robustness of learning - assisted adaptive quantum - en-
hanced metrology in the presence of noise; proceedings of
the Systems, Man, and Cybernetics (SMC), 2017 IEEE in-
ternational conference on, F, 2017 [C]. IEEE.

[71] LOVETT N B, CROSNIER C, PERARNAU-LLOBET M,
et al. Differential evolution for many - particle adaptive
quantum metrology[J]. Physical Review Letters,2013,110
(22): 220501.

[72] WISEMAN H M. Adaptive phase measurements of optical
modes: Going beyond the marginal q distribution [J].
Physical Review Letters, 1995, 75(25): 4587.

[73] ARMEN M A, AU J K, STOCKTON J K, et al. Adaptive
homodyne measurement of optical phase[J]. Physical Re-
view Letters, 2002, 89(13): 133602.

[74] OLIVARES S, PARIS M G. Bayesian estimation in ho-
modyne interferometry[J]. Journal of Physics B: Atomic,
Molecular and Optical Physics, 2009, 42(5): 55506.

[75] BERNI A A, GEHRING T,NIELSEN B M, et al. Ab-initio
quantum enhanced optical phase estimation using real -
time feedback control [J]. Nature Photonics, 2015, 9
(9): 577.

[76] TSANG M. Time-symmetric quantum theory of smoothing

[J]. Physical Review Letters, 2009, 102(25): 250403.

[77] WHEATLEY T, BERRY D, YONEZAWA H, et al. Adap-
tive optical phase estimation using time - symmetric quan-
tum smoothing [J]. Physical Review Letters, 2010, 104
(9): 93601.

[78] WIEBE N,GRANADE C. Efficient Bayesian phase estima-
tion[ J]. Physical Review Letters, 2016, 117( 1): 10503.

[79] XIAO T L., HUANG J Z,FAN J P, et al. Continuous-vari-
able quantum phase estimation based on machine learning
[J]. Scientific Reports, 2019, 9(1): 1-13.

[80] FIDERER L J, SCHUFF J, BRAUN D. Neural - network
heuristics for adaptive bayesian quantum estimation [J].
PRX Quantum, 2021, 2(2): 20303.

[81] SONG Q, LI H, HUANG J, et al. Adaptive time-varying
parameter estimation via weak measurement (1] Physical
Review Applied, 2022, 18(4): 44031.

[82] SONG Q, XIA B, HUANG J, et al. Surpassing the nyquist
sampling limit via postmodulation [J]. Physical Review
Applied, 2022, 18(3): 34077.

[83] YUAN H. Sequential feedback scheme outperforms the
parallel scheme for hamiltonian parameter estimation [J].
Physical Review Letters, 2016, 117(16).

[84] HOU Z B, WANG R J, TANG J F, et al. Control-enhanced
sequential scheme for general quantum parameter estima-
tion at the heisenberg limit [J]. Physical Review Letters,
2019, 123(4):40501. 1-40501. 6.

[85] PANG S, JORDAN A N. Optimal adaptive control for
quantum metrology with time-dependent Hamiltonians[J].
Nature Communications, 2017.

[86] YANG J, PANG S, CHEN Z, et al. Variational principle
for optimal quantum controls in quantum metrology [J].
Physical Review Letters, 2022, 128(16): 160505.

[87] LIU J, YUAN H. Quantum parameter estimation with op-
timal control [J]. Physical Review A, 2017, 96(1).

[88] LIU J, YUAN H. Control-enhanced multiparameter quan-
tum estimation [ J]. Physical Review A, 2017, 96 (4) :
42114. 1-42114. 11.

[89] XIAO T L, FAN J P, ZENG G H. Parameter estimation
in quantum sensing based on deep reinforcement learning
[J]. NPJ Quantum Information, 2022, 8(1): 1-12.

[90] XU H, LIJ, LIU L, et al. Generalizable control for quan-
tum parameter estimation through reinforcement learning
[J]. NPJ Quantum Information, 2019, 5(1): 1-8.

[91] FOSEL T, TIGHINEANU P, WEISS T, et al. Reinforce-

ment learning with neural networks for quantum feedback



iR

SEWR - 59 -

[J]. Physical Review X, 2018, 8(3):31084.

[92] YUM, LID, WANG J, et al. Experimental estimation of
the quantum Fisher information from randomized measure-
ments| ] ]. Physical Review Research,2021 ,3(4): 43122.

[93] RATH A, BRANCIARD C, MINGUZZI A, et al. Quan-
tum Fisher information from randomized measurements
[J]. Physical Review Letters, 2021, 127(26) : 260501.

[94] BECKEY J L, CEREZO M, SONE A, et al. Variational
quantum algorithm for estimating the quantum Fisher infor-
mation [J]. Physical Review Research, 2022, 4 (1) :
13083.

[95] KESSLER E M, LOVCHINSKY I, SUSHKOV A O, et al.
Quantum error correction for metrology [J]. Physical Re-
view Letters, 2014, 112(15): 150802.

[96] DUR W, SKOTINIOTIS M, FROEWIS F,et al. Improved
quantum metrology using quantum error correction [J].
Physical Review Letters, 2014, 112(8): 80801.

[97] UNDEN T, BALASUBRAMANIAN P, LOUZON D, et al.
Quantum metrology enhanced by repetitive quantum error
correction [ J]. Physical Review Letters, 2016, 116 (23) .
230502.

[98] ZHOU S S,ZHANG M, PRESKILL J, et al. Achieving the
Heisenberg limit in quantum metrology using quantum er-
ror correction [ J]. Nature Communications, 2018, 9 (1) :
1-11.

[99] LAYDEN D, CAPPELLARO P. Spatial noise filtering
through error correction for quantum sensing [J]. NPJ
Quantum Information,2018,4(1): 1-6.

[100]JLAYDEN D,ZHOU S S, CAPPELLARO P, et al. Ancilla-
free quantum error correction codes for quantum metrology
[1l. Physical Review Letters, 2019, 122(4): 40502.

[101]ZHOU S S, JIANG L. Optimal approximate quantum er-
ror correction for quantum metrology [J]. Physical Review
Research, 2020, 2(1): 13235.

[102]SHETTELL N, MUNRO W J, MARKHAM D, et al. Prac-
tical limits of error correction for quantum metrology [J].
New Journal of Physics, 2021, 23(4): 43038.

[103]JROJKOV I, LAYDEN D, CAPPELLARO P, et al. Bias in
error-corrected quantum sensing[J]. Physical Review Let-
ters, 2022, 128(14): 140503.

[104]WANG W,CHEN Z J,LIU X, et al. Quantum-enhanced ra-
diometry via approximate quantum error correction|J]. Na-
ture Communications, 2022, 13(1): 1-8.

[105]BAHRI Y, VOSK R, ALTMAN E, et al. Localization and

topology protected quantum coherence at the edge of hot

matter[ J ]. Nature Communications, 2015, 6(1): 1-6.

[106]ZHOU S S, LIU Z W, JIANG L. New perspectives on co-
variant quantum error correction [1]. Quantum, 2021,
5: 521.

[107]JGORECKI W, ZHOU S, JIANG L, et al. Optimal probes
and error-correction schemes in multi—parameter quantum
metrology[]]. Quantum, 2020, 4: 288.

[108JKUBICA A,DEMKOWICZ-DOBRZANSKI R. Using quan-
tum metrological bounds in quantum error correction: A
simple proof of the approximate eastin-knill theorem [J].
Physical Review Letters, 2021, 126(15): 150503.

[109]CIMINI V, POLINO E, VALERI M, et al. Calibration of
multiparameter sensors via machine learning at the single-
photon level[ ] ]. Physical Review Applied, 2021, 15(4):
44003.

[110]CIMINI V, GIANANI I, SPAGNOLO N, et al. Calibration
of quantum sensors by neural networks [J]. Physical Re-
view Letters, 2019, 123(23): 230502.

[111]NOLAN S,SMERZI A, PEZZE L. A machine learning ap-
proach to Bayesian parameter estimation [J]. NPJ Quan-
tum Information, 2021, 7(1): 1-8.

[112]NOLAN S P, PEZZE L, SMERZI A. Frequentist param-
eter estimation with supervised learning [J]. AVS Quan-
tum Science, 2021, 3(3): 34401.

[113]BAN Y, ECHANOBE J, DING Y, et al. Neural-network-
based parameter estimation for quantum detection [J].
Quantum Science and Technology, 2021, 6(4): 45012.

[114]CHEN Y, BAN Y, HE R, et al. A neural network assisted
"Yb* quantum magnetometer [ J]. arXiv Preprint arXiv:
220305849, 2022.

[115]CIMINI V, VALERI M, POLINO E, et al. Deep reinforce-
ment learning for quantum multiparameter estimation [J].
arXiv Preprint arXiv:220900671, 2022.

[116]JALDERETE C H, GORDON M H,SAUVAGE F, et al. In-
ference-based quantum sensing[J]. Physical Review Let-
ters,2022,129(19) : 190501.

[117]KOCZOR B, ENDO S, JONES T, et al. Variational - state
quantum metrology [J]. New Journal of Physics, 2020, 22
(8): 83038.

[118]MEYER J J, BORREGAARD J, EISERT J. A variational
toolbox for quantum multi - parameter estimation [J]. NPJ
Quantum Information, 2021, 7(1): 1-5.

[119]JKAUBRUEGGER R, SILVI P, KOKAIL C, et al. Varia-
tional spin-squeezing algorithms on programmable quan-

tum sensors|[J]. Physical Review Letters,2019,123(26) :



© 60 - SZEWR

Slir

2023 5 43 % % 4

260505.

[120JKAUBRUEGGER R, VASILYEV D V, SCHULTE M, et
al. Quantum variational optimization of Ramsey interferom-
etry and atomic clocks[J]. Physical Review X, 2021, 11
(4): 41045.

[121]MARCINIAK C D, FELDKER T, POGORELOV I, et al.
Optimal metrology with programmable quantum sensors
[J]. Nature, 2022, 603(7902) : 604-609.

[122]ZHUANG Q T, ZHANG Z S. Physical - layer supervised
learning assisted by an entangled sensor network [J].
Physical Review X, 2019, 9(4): 41023.

[123]XIA Y,LI W,ZHUANG Q, et al. Quantum-enhanced data
classification with a variational entangled sensor network
[C]//Conference on Lasers and Electro-Optics. Optical So-
ciety of America, 2021.

[124]CHU Y, ZHANG S, YU B, et al. Dynamic framework for
criticality-enhanced quantum sensing[J]. Physical Review
Letters, 2021, 126(1): 10502.

[125]LIU R, CHEN Y, JIANG M, et al. Experimental critical
quantum metrology with the Heisenberg scaling [J]. NPJ
Quantum Information, 2021, 7(1): 1-7.

[126]DING D S, LIU Z K, SHIB S, et al. Enhanced metrology
at the critical point of a many-body rydberg atomic system
[J]. Nature Physics, 2022: 1-6.

[127]ILIAS T, YANG D, HUELGA S F, et al. Criticality -en-
hanced quantum sensing via continuous measurement | J .

PRX Quantum, 2022, 3(1): 10354,

[128]MONTENEGRO V, MISHRA U, BAYAT A. Global sens-
ing and its impact for quantum many - body probes with
criticality [J]. Physical Review Letters, 2021, 126 (20) :
200501.

[129]GONG M, HUANG H L, WANG S Y, et al. Quantum
neuronal sensing of quantum many-body states on a 61-qu-

bit programmable superconducting processor [J]. arXiv

Preprint arXiv:220105957, 2022.

(AL Hp4t:. W63

E—1EE. HARO996—)F, Wi+,
F MR ARSI R SR A
THHE,

BIEE . WHRME1966—)H, #HizZ,
Ht, WS, EEOFRITIN
EPEE . RS,



