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Fig. 1. The structure of the LSTM network model.
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Fig. 3. The structure of the HQLSTM network model.

Choquet &SRS HT _| oh, | Chy | Chy | Chy
|
x| @ | @13 | 214 §|-0->_§ H | |R,(arctan(Chy)) | - |Ry(wo) K“ (e
e e =
Io> H |R,(arctan(Chs)) Ryus) | ]
| he | hs | ha E|-o->i H |R,(arctan(Chy)) R, (ws) ﬂ (o)
o | o | i -
|0> H | Ryfarctanv) | Ry(un) I~
E|-o->-§ H | Ry(arctan(b,)) Ry(we) N
|o> H | | R,(arctan(bs)) Ry(wr)
-__-.l i | A | )z |
E 4 HQLSTM i i) VQC 4544
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(23) — (22)°

g' =

(34)

FB3H FH (28) N —Hre L&k ik

0. ¥ 3K 15 19 Fubini-Study JF & ik & g1t A
(35) FCRI AT £ 25 T 5 iS4

9(0:)(Or1 — 0r) = —nVL(6y), (35)

Orp1 =0y — 779+(9t)VL(9t)~ (36)

4 SEIy KR AT
4.1 SEIGHIEE

KBRS AR I HERE, A SCRA 3 AT
BT, 432 KR R S MNIST
1 FASHION MNISTLA K RGB & 1% # #i5 4
CIFAR. & 6(a) i MNISTFE HHm ARG, £1
8T 09 K2 K 6(b) 3 FASHION MNIST
IR A B REAS R ], L HE T R AT R L B
W AME U W s L Rk
I 6(c)  CIFAR X4 FEAS 7R B, (046 AL 3%
B S O RE L ML RS T O RE TR
T PEXT 3 TG AR AT — LE A I TUALL BRRAEE
WAGE P . B e 03—k Z 5%
B ALl B 30000 FF A A S I SR 4, B B 4l R
10000 FEAAE R IIAEE, f— KB i RAE
28 x 28, BAE F Rk 32 x 32.

4.2 MEEBSH

ALKy LSTM, QLSTMES A1 HQLSTM
W L5 AT SN % 1 A1k 2 IR,
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O [ q 2 © =lEY - BEEI -
£361 7 ERETCseE=S
09742 iml VEL YEEE
Fbyos FETHSards P
81939 HER~ES VERE
0°2+99 HE=<=NeBfN 'R
L6OY s EESECLHARE
71630 ENEEONEEER
gae73¥ Edcnil=ERZ s

46930 JEREESIEE

K6 BIERA  (a) MNIST 55 4E; (b) FASHION-MNIST $i4E4E; (c) CTFAR i 4
Fig. 6. Dataset image samples: (a) MNIST dataset; (b) FASHION MNIST dataset; (¢) CIFAR dataset.

F£ 1  LSTM MZERIZE

Table 1. LSTM network model parameters.
Input_size 4
Hidden _size 4
Time step 49
Dropout Ft % 0.15
Batch 128
B 2
T R 10
¥R 0.001

%2  QLSTM Fl HQLSTM £ #5155

Table 2.  QLSTM and HQLSTM network model
parameters.
AT R 4
Hidden _size 4
Time_step 49
Dropout L3 0.15
Batch 128
o 2 S 2
i 3 10
e 0.001

4.3 MERBIENFIE

SNBSS SCRTHE A HQLSTM W 2% A5 U 1)
PERE, R IHE . Accuracy F138 SN 5 E 61 2k
{H Loss PI 7150 28 B AL A T PE 404

ceuracy = Z 0+ Z Z R (37)
1,i=] i §,i#]
L Nl o
Loss = — —log | ——— |- (38)
N pgo (Zjvol eYi )

(37) ST (), i = j LIRS0, IEHSE R K

0
i BB F(5), 0 # 5 IS0 5, SRR INE
j‘jZE/JIIDj‘AEA' 7’7.]:1727"'7]\]- N%]E‘x%‘é%ﬂﬁ

(38) AHh y, N TAIZE S, yi Ry FLSLHIZE).

4.4 BBRUEEEIRERSSHN

ASCR A LSTM, QLSTM, HQLSTM =
28 4508 73 531 41 XF MNIST, FASHION-MNIST #1
CIFAR — F B & $ 4ig 4R A7 o3 2 50 g, Horp
MNIST, FASHION-MNIST Jy JKJ¥ &, CIFAR &
FAaRE.

4.4.1 MNIST ##EEFhs R

Kl 7(a) 451 T A MNIST $dis4E b 3 Rl
F9 73 S K5 B2 B 1R AR UCE A2 A 0. T DL
MIEARRECR T 80 &, 3 BRI 43 AKG Bt T
FaE, 1 HQLSTM A ALy TR E M 451012 g
PAR R TR RE I 3 S e i 14 3
99.154%, LSTM 73 K5 AR 97.306%. &1 7(D)
23 th T AE MINIST B 46 b 3 Ml B A1 HI B HLAR
J& T [% (stochastic gradient descent, SGD) i fk
SRS 3 1Y 58 SR % eR BURE A 25 ARCE 25 4k
THOL. TTLAE Y, MR AR EUNT 10 I, 3 Fhfs A
AR T — 20 H YRR T 10 )5, b
FHIRACRENE Z |, 11 AR RIRE ICA DI RETS L
REL, HQLSTM M4 i 2k fE ik B fe {1k . &1 8 1k
HQLSTM A e FI| A SO A 17~ A SR B
DAL N 30 AR T R A P AN [ LR 55
TR IAEXT L, W] RAFR Y, 75 MINIST %,
A SR R A SRR B2 DL A 1 B m R
A2 R A 451 2 (B R SE Pl HLEEAIE.
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Accuracy

0.2

0 20 40 60 80 100

2.0

15|

Loss

1.0

0.5

0 20 40 60 80 100
Epoch

Pl 7 MNIST ¥fiifle  (a) SP2HREERT H; (b) BURBREHRS 1L
Fig. 7. MNIST dataset: (a) Comparison of classification ac-

curacy; (b) comparison of loss value.

0.1

™ —-—- Vanilla gradient descent
ok \\ —— Quantum natural

\. gradient descent

—0.1¢
70'2 -
—0.3F

—0.4r

Cost function value

—0.5 ¢

—0.6

(.) 2‘5 5‘0 7.5 1(.)0 155 150 1"75 2(‘)0
Optimization steps
8 AFEMBAST R R A

Fig. 8. Comparison of loss values of different optimization

algorithms.

4.4.2 FASHION-MNIST £ 48 % % g X

& 9(a) 45 H T 78 FASHION-MNIST %45 4
F QLSTM, LSTM, HQLSTM = Fi 1 432k i
Bl AR AR ARG B, ATLLE Y, TR 24
gD, f T HQLSTM 445 &5 472 Ak e
DA K B R W 4 G2 12 Dy g, A kAR A AR o
HQLSTM 7 25T QLSTM I LSTM.
MEARKEK T 60 J57, 3 FhINI45 (1 70 2K

THE, HQLSTM B 2Kk =k 98.273%,
QLSTM 1 LSTM B A £ F-. B 9(b) 45 i1 T 7E
FASHION-MNIST 45 4E | 3 BB A ] SGD
DAL AT B 10 A3 SUR % pR IR 15 AR B Y
AR TE AL, WTLAE H, HQLSTM Y451 2% B i 241K
F QLSTM Al LSTM. 4340k KT 60 tq,
3 APBRL A4 (E T TR, HQLSTM 14t
S fH 35 B A, LSTM ik 2 & 5. & 10 M 7E

Accuracy

Loss

6 2‘0 4.0 6‘O 8‘0 1(.)O
Epoch

Kl 9 FASHION-MNIST ##4E  (a) S-JSKE XL (b) 1

R EREE XS 1L

Fig. 9. FASHION-MNIST dataset: (a) Comparison of classi-

fication accuracy; (b) comparison of loss value.

0.1

——- Vanilla gradient descent
—— Quantum natural
gradient descent

o N
—0.1}F
—0.2F
—03}

—04}

Cost function value

—0.5F

~..
~-—

—0.6 F

0 25 50 75 100 125 150 175 200
Optimization steps
10 SR O A B i A 2 B X L

Fig. 10. Comparison of loss values of different optimization
algorithms.
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HQLSTM A S5 e BT RS i 1 A
SRER BEAAL S PR AP AN [ LA 55035 i S (BT L,
Al LLE 1, 78 FASHION-MNIST 344, 43¢
JIT R FH A £ 1 R0 B A0 5 o R L ik
T BT B AR B A (B TR AIR.

4.4.3 CIFAR ##EE5EH4E R

Jg 7 #E— B EAIE HQLSTM X & 42 % (5,18 1%
AR 3 2R, AR CIFAR # A 45L
PEEIAT I EAUE, T CIFAR b —illiE RGB
EUG RS H AR ER I RNl 32 x 32, YR H
Choquet BUMEFISE] 1 x 4 4Ef0% ABHERT, T8
¥ time _step E R 192. & 11(a) 44 T7E CIFAR
A 5 R4 | LSTM, QLSTM, HQLSTM =
v 0 532N B B SR AR OB AR ARG L. T LR
H, HQLSTM 14 ks 1 & 85 T LSTM Al
QLSTM. HQLSTM i = 47 25 K5 & o 98.631%,
QLSTM i 5 43 2K B2 o0 96.334%, LSTM fie i 43
KNG N 92.671%. [ 11(b) 4 i T 7E CIFAR %
GRS T 3 R AR SGD fi b kA5 2
1438 SR 2 eR SR 2 A R AR AR . W] A

Accuracy

Epoch
4.0F ()
35} i
3.0} !

25} |

Loss

200 \!
150
10}

0.5

Bl 11  CIFAR BB E  (a) 70 28K B X L (b) #1128
PRELAE X LE

Fig. 11. CIFAR color dataset: (a) Classification accuracy;
(b) comparison of loss value.

A, HQLSTM [y 41 4% {8 # &A% T QLSTM Al
LSTM. Ui HQLSTM 7E# (a4 L[ H A
PR B BRI, AR SCHE Y HQLSTM M
LA AL TSN K A RGB BIME, $5080 T 4%
e,

% 3 451 QLSTMB, HQLSTM 5284 LSTM
= b 4% 45 B /E MINIST, FASHION-MNIST #il
CIFAR —F [ HHia 48 T Fir S B 7 2ok B . A
MNIST %4 4 I, A SCH2 th i HQLSTM R 2% 45
RUGK B T 5 940 G FE 99.154%, LSTM Hl 3¢
Fik [35] AR H AR T LSTM W 48455 5143 J0ks i 3k
AFFE, 50510 97.306% F197.894%; 7E FASHION-
MNIST i 46 I, A 308 9 HQLSTM M 2% 15
R IR B T f s 5 A BE 98.273%, QLSTM Y
DENERERZ, N 96.865%, LSTM Ay /A B i
4 96.829%. 7£ CIFAR #aditE+, HQLSTM
P 28 55 10, 5K B T e Y 4 2R B 98.631%,
QLSTM 432K R 96.334%, LSTM 40254
FEHR 92.671%. FTLLE Y, ANEE XK BE 1K ol 5 %
&, HQLSTM 440 T H AW PR AR Y | ik — 20
TERH T HQLSTM 48R0 (i fli 3,

23 R[EMEAAI R 53 NG B A
Table 3. Comparison of image classification accuracy of

different network models.

o) 25 AR g TN BHE IIARERE /%
MNIST 10 97.894
Ref. [35] FASHION-MNIST 10 96.865
CIFAR 10 96.334
MNIST 10 99.154
HQLSTM FASHION-MNIST 10 98.273
CIFAR 10 98.631
MNIST 10 97.306
ZMLSTM  FASHION-MNIST 10 96.829
CIFAR 10 92.671

4.5 WRESZEHT

BIL#e 2 > B ) 5 2 3 B P 25 (1) 42 4% B
B [e0] 4 2 R St A g, R OEG T T 32 DX RS T
1151
451 =RNBEL3E

23 [0 42 4% FE B T WL o S AR A () S 8008
TEREICIZ Mg drad B b, M S8E S5id
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1240 B i S B TR] A (timestep) B0 5%, iX B
— S BAE — A B 25 B S ECR T
GIHT.
4G LSTM M 284544, #— M2 4 /E —
A~ time _step FISECEGE H pr:
pr=4x((n+h)xh+h)+hxm+m, (39)
K, n AR, b RBRIEZE RN, m 24
42 2 WA R 2t i KN A 4 x ((n+ h) x
h+ h)Z 7~ A0 1 40 B B A R S 84 B
h x m +m FosEERZSE L
X T QLSTM M4 — A e 2 40 f e — 4
time _step IZECMEELH pa-
p2 =6 % (N xd)+ N xm+m, (40)
Hrh, N VQC i RN, d 2 VQC
A ERITREE. 3 6 < (N x d) 2 6 4> VQC HiE%
T M AESEANE, N xm+m AEEEES
AL
XFT HQLSTM M2 F—A~icIZ L AE— 1
time step BFISEEGE A ps:
p3=6x (N x2xd)+ N xm+m. (41)
TEASCH, LSTM P4 (1 B2 KN b 48 T
ANEFRN n. [\, EIE QLSTM M%-5 HQLSTM
M2 BRI A g RE R, 7E A 12 VQC 451
) QLSTM ', d = 2, MifEEA 2 )2 VQC 45
) HQLSTM 1, d = 1. BbAh, 3 R Y 4 i 35
RSB BUEAHRI, FITE i = F s
HREEWT, ZMg3k —HR 552 m . AR (39) 2—(41) X
Al LIS3 3 AR 42344522 2 Ah, LSTM MI4% 11
A AFER O(8n?) , 1T QLSTM 245 HQLSTM
W2 s [ 4= B2 O(12n) . R, AH LT 40l
LSTM %%, T LSTM W45 ()23 [ & 4= . %
FEAIK.

4.5.2 BRI E4&E

X T ML g SRR YRR BT R
—E MO, I R] 2 A B 32 S e TR Y 193 1
5B IREL FLOPs (floating point operations).

M4 2.1 5 g4t LSTM R 12 4n g4t fa,
fE — > time_step 1, — W40 B BT A T 69
FLOPs FZHe T80T F AT b 1T ik
e | iz B, RAE (1)—3) X (6) 2L, w15
—> LSTM iCIZ4N i 81z 535 C(FLOPs) i

Ci=(n+h)xhx8+12 x h. (42)

FEARSC, LSTM M4 (B2 RN bS5
ANZFKI/N n, B (42) 20T IAS 3] LSTM W 4% i s
[B] 42 2 JE kO (1602 + 12n).

X FALER IR Sk [37) 48 T
- HRL R 0 I R A % B R TR 45 8 I A
FEL N RSB T 12 B30 T T O B E BT e . 7 S
ik (38,39] thEASR T & HL B v 1) ) S AR A
sHERIE . S IZ00E, ASCE e e —
A~ time _step, — UK A B Bt FE H, QLSTM ]
2% % HQLSTM MIZ& i1 18t

— > QLSTM i 12 4t i i 75 B i 1 LU R AR
B 12N +6 x Nd, firfs CNOT | J#/ER N
6 x 2Nd. 3 3.1 HQLSTM [ £ 45 #y , — /4
HQLSTM i 12 41 At v 75 5 LA R AR hy
24N + 6 x 2Nd | JiifF CNOT | J4AE4} 6 x ANd .

JARIE QLSTM M 2% 5 HQLSTM M 4% B A
MFE Y ERE, £HAG 12 VQC4 il m
QLSTM 1, d =2, MERA 22 VQC 451y
HQLSTM ', d = 1. bk, TR E I
PRI AR TR R T, —enT DL Z RS B L
FRE T TR fA]. PR T RIS 3] QLSTM W45
F HQLSTM %5 iy [ &2 22 Bk O (24n).

RUE ik, JERRER 2 LSTM 2% i i (]
P O(16n? 4+ 12n) 5 QLSTM M K& HQLSTM
Wi 25 () I 0] 2 R B O(24n) B4 HEAT L8R, I A
AEfAT B I Sy 7~ LSTM FR I ) 58 2% B8 A T 20 i
LSTM. T FEZMNHAJ T8,

— 7T, TR T LR E IR l AT
IR CNOT AR B 4, A HAH&A
PR T —2 BPkER. Fln, 768 7 ke T E
MLARGE R R A, i [ AR TS 2 LD, 3
BT IEETRE 10100 ps. 100 T3 58 2 di 8
ML, — IR IR SIsE AT 50 ps. ITAESR, SCILEHREY
PRI E I EILL RN EZH .
2018 4, Watson 55 10 7 K SR8 ik £ 1 0 H R
HLOR BN B ek (electrically driven spin resonance,
EDSR) 7£ 280 ns Wi/~ T CNOT [ J#E. 2022 4F,
Chew 55 M SZIL T ZE AR [a] RUBE I 5¢ BB PR fig
AR, PR TRAR T2 2 A Y SR A AR 6 e i
TR CHEGEUR, TPRE T 8 PR R A
W - TR A AR A 3 R B A B R 5 47 1 B AR
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Ohmori A BN Wi ] 10 ps A4 BR BOE o ER 0 4
JEF, ST 6.5 ns AXUE F HURRT T, DL EBFSE )
RN BT =T WL B A e 2 155
TR A 2 .

S—J5 i, TELL VQC MR- FIR G
BLA 27 2T AT ep XA ORI 8 Py 30 28 (1 0 2
AATED R R, i, R RS AL, R
BT R i 1 4 A - AR T 2 Uk B A T R
PRICHAERE. X R R A X T[] — 2y A B8 e 22 4A
TR EL MRS AR5 SRR, s
BT R A R THFE, BUATHZY VQC HERER G
O LG 2T IR R 44 O(N?),
2017 4F, #pufdb A U2 52 S o A B
(X AR T ZR AT LI, FAR AR XL 25 SR e R AR R )
JEXT A TR I AT HEA T AL, TAS X d = 2 4
i RMAREZE T E n i PP AN IR
AEAE 1Y B 102 AT 5 R BT 7 S5/ I Bk
d+ 20— 3. 2020 4F, Gokhale % 4310 VQCHI, 1% Fir
T B O(N*) Ty 0] 2 K] 3 Ay o] ) BR300 ) 4 1k
KN AT A%, e il A SR AT O(N) 45
WA O(N3). 2021 4F, Huang %5 44 i i % 3+ LA
T A A L3 A R A R A R S A T
e ROW L TR SN a ] i SO i NS W L a2
TR0 0 ) O30 0 2B A ) 0 i A 4% BE AR O ().
DL IR 5% A S S 3 a8 43 O vk S H N FH Y
KHEILAY, W EEH RS o TAEM B N 2.
[, VQC MR WAREZM. —JriH, VQC A
P2 AR AL T AN HER, RS2 8e S
2 M2 AH LA ] SRR, SR T8 L IR
s Ak ) SR, D3 — 7T, W T BT NISQ 4%
sk =z | F A MASE FItRERT, m
VQC S HEI M A S, It VQC Tk
BRIA NISQ IWARAFTER R Ze it iRz, MHEME
IR R RIE, Ak VQC A ) Z 25 H].

5 & @

IR 2 IEAN T R SR B B, (230
AT A 2% 78 43 R I 48 22 T e 12 DT R,
D] M 30 3 X 4% 22 ] 118 S22 ) R ST 136 ik 0 265 P e
. AR TR TR VQC 1 HQLSTM
W 25 B R0 FH T R 4025 B i 6 AR S HU
VQC ik A HQLSTM ¥ £ A5 8 v g A [l 437 B, A

T FRAR T 25 i LSTM W 4% (1) 52 4 32, 1ty HL A FH &
% P B 21 G S R PR IR T I AR rhCAZ A
FEL P I CAZ 0 BRI ) DGR AR B, 3o T EUG B R
TR FESr 20k, o, RIS A SRR B LRk,
REMER B BT & 2SR, IS EORIE R
D5 a1 5, IR BRI S H Y. Rl T AN
O IS B 23 )RR A A SO R0 45 A5 0 5 | A
Choquet BRI A il — 0 R G BAR . @i
7F MNIST, FASHION-MNIST #1 CIFAR # 4,4
SRR SE B SCE I IE AT 41, HQLSTM 23 T 44
Y53 2HE BE LA SIS RIS 4. R, HQLSTM
RS Ty S ] R o S S € € ) e S
TAE, WAPREZEA iz W T EIF 2l 5
SRR SRS SR R A

S 30k
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Abstract

Long-short term memory (LSTM) neural network solves the problems of long-term dependence, gradient
disappearance and gradient explosion by introducing memory units, and is widely used in time series analysis
and prediction. Combining quantum computing with LSTM neural network will help to improve its
computational efficiency and reduce the number of model parameters, thus significantly improving the
performance of traditional LSTM neural network. This paper proposes a hybrid quantum LSTM (hybrid
quantum long-short term memory, HQLSTM) network model that can be used to realize the image
classification. It uses variable quantum circuits to replace the nerve cells in the classical LSTM network to
realize the memory function of the quantum network. At the same time, it introduces Choquet integral operator
to enhance the degree of aggregation between data. The memory cells in the HQLSTM network are composed of
multiple variation quantum circuits (VQC) that can realize different functions. Each VQC consists of three
parts: the coding layer, which uses angle coding to reduce the complexity of network model design; the variation
layer, which is designed with quantum natural gradient optimization algorithm, so that the gradient descent
direction does not target specific parameters, thereby optimizing the parameter update process and improving
the generalization and convergence speed of the network model; the measurement layer, which uses the Pauli Z
gate to measure, and the expected value of the measurement result is input to the next layer to extract useful
information from the quantum circuit. The experimental results on the MNIST, FASHION-MNIST and CIFAR
datasets show that the HQLSTM model achieves higher image classification accuracy and lower loss value than
the classical LSTM model and quantum LSTM model. At the same time, the network space complexity of
HQLSTM and quantum LSTM are significantly reduced compared with the classical LSTM network.

Keywords: quantum neural networks, variational quantum circuits, hybrid quantum long short-term memory

neural networks
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