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Fig. 1. Diagram for hybrid quantum-classical algorithms.
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Fig. 2. (a) Swap test circuit; (b) destructive swap test cir-

cuit; (¢) Hadamard test circuit.
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Fig. 3. (a) Quantum perceptron; (b) quantum convolutional neural network; (c) shadow circuit.
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C(0) =) wi x Tr [HUO)pU'(6)],  (14)
k=1
Hor {pe M S EARIEAS R AIZS, Sl B o=k — 1)
(ke — 1, wr 2™ K5 BRI NI IE S8R5 il
AREE T LITER, iR 2k R BRSNS FLAYY
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
2t T A AR AN 14 47 15t AT F AT
WSCHER [20] 5L Tz 1 S8 T T S AN E

3.1.3 ERETHHELMH
BTSRRI RAT R I i B9 AR TR A
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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
PN TE ST, SCHR [45) HEI) Ak B
HRE fR A {24 ELAY Y

(k| U(Ol)TMV(Oz) k) =d, V1< k<K, (19)

o dy & MYSE kRG2S, I, 8k
A A5 2K BRIV 52 7 B 1 27 S 40 . i T M
AT LA R P (i) 1)) AR A M =
Zj ¢ Py, PR %L C = Zk,j wrc;Re (K| U(0;)1x
P,V (62) |k TR A U AT 280 s LR 455, DA
I VQSVD AT ZEIR A -2 M PR A R 98

LA, T I 2 S O B R A S T
) 2 7 ] o 7 HESEL I ) 25 S EL A%, itk [46] 3l
XA 5 T S50 i i S UG 25 4543 A I
b, SCHR [46] FI VQSVD A4 T 56 15 40 1 45 1
KT ARG 5 VQSVD $ A4 Mit g 75
R T SOk [46) A 24 TR
T 7 e -2 X I 1 1)
3.1.4 e fAE

O KA I 9328 9850 | |32 S R R
W REZ M, B H A 4 %2 R 78355
Bl VR T TR, USRS )| ) 6 (s
s SOk [49) 38 FE R LB R 48 R L I
R E RBP4 1% Hag = U(0) Ar Ha®
10001, U (8), Forh HLo & A %5 1 1 JE KA A
B, [0)(0] 5 J2 R 255 LISETIRE, U(0) ar SRAFITE
BA R 5 LS EULH K. ik [49] 45, Hag
T 2 :
max Tr[H g 0)(0] 5] — min Tr[Hz [0)(0] 5] = | H |1,

(20)

it Hy = Tra[Hag). #E—$ 4, T HAE
DA i FAS LR RS, (20) RG220 0] LI
RS E R B R G AR I, AT LLGE
SR AR KRR H 3308 H |

3.2 BEEfhIT

i TRA LR E R TSR EE
HSEATE ST, BIINTEAS 73 i AR A Th A 551
HAREI AT A 2 i & — e F R RE R A, 76
ARG, BRI Zm R, EX
RS N B A 2 () AL T e . 1B
e PR EE B A T e g 7)) B EE S D

D(p,o) = 3l o, (21)
DI ERE F
F(p,o) =Tr\/\/po/p. (22)

3.21 &G
F 0 7 A TR 11 32 B 1 DR/ INH U T
F QSZK-complete & 4= &35 B0 1iif QSZK (quan-
tum statistic zero knowledge) 4% T BQP (boun-
ded-error quantum polynomial time) & 2% i 2 |
DALt B 7 it R L L 3 R B A Al T B AR
FEAER RS, W TR s HAT a0 R P
D(p,o) = maxTt[P(p — o)}, (23)

Hrh PPLAL R [ 2 BT A7 POVM JC (I 2 0 <
P < THEIEEHERE), SCHk [49] BT, Jfi
SR Ik B A —AN B LR, K POVM
T AL AL A B T Ak, I B0 B 25 3 e

D(p, o) = max Tr(|0) (0| pUa—r(p — )], (24)

HP Usasr(Xa) = TralU(Xa ©0)(0]5)UT]. FIL,
i 3 e KRR PR C = Tr[|0) (0] s Ua—r(p — 0))]
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

MAMTET R REE PR 2T
p A o PEATHE 1 25 SR M R AR HU AT 19 ¥ 2%
A, VR TR 4R I (22) AP TIHA.
T A RS A 4R BE B 8 1 R B R AR B I
X 7 DA A e TR HE R8T 22 T Ok 1 1) e
e, TR T L IR RS R B R AT,
0 B R0 XA RELE T A B PR A TR LR AR
2 P BB T AR AR B OR B RAE Ve,
oA E 3Rk ] LUK 58 ax —AE 55 #1x
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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
P B ORELBE BAG T, 2P, SR [49) B2 T 5
/RS EH (Uhlmann’s theorem) 45 T i1 54T &
RAESZERAERE NI, @ sl F 1)y, %o
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

210302-8


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

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 21 (2021) 210302

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
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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
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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.
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