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IIARE HARRIESE S (IHES: ZR2021ZD19) MEZR HARIEE S (S 12005212) T H

WE &7 4RSI (quantum generative adversarial networks, QGAN) 7£ E & AL | 4 &b 47
ST AR TR AXEARET —METETERINNENE TR EDE,
FNATHRUEHETRVESRE. AAXT, e AWZINAT QGAN HikteE FT4&E, #2727
BN R BN A R, 4RI AREESES, Rt T EEma A md, NS E2EaRE
RREER RE, MET WA QGAN BEENHH LR E TREVEARS, HRTRE ZAZ R
HESFNZ R, I d=3 X d=>5 WFH LI KA, AEA 248 & o 25 LUILF] 99.887%. £
SHF AR QGAN MABRNEREEFMELNN P=0.1706, HREEMOERFELHN P =0.1099, F
THERA. F, ETRIEARAE d=3 BIEERATET, EERAEFEHE P < 0.0607 &
ENAAHARHREZRT £ d=5 HHMEBRATET, AERAEEFHE P <0.0778 LEHAELA
AR REERA. KRB QGAN BEER £6 T ETRVESTE, A ETEREF S BIAA
RET FEE, ¥ AT H ey 50 7 L E AT

LR BTAAMRAL BIG BAE RS §TEMES, REE

1 5|8

PATR B 27 21 AR N LA RE N VE 2 B E R GUSSE I T HOR R AN ZS (generative
adversarial networks, GAN) & %8 LR FE 22 ST 5 K T H ) HH AR plAs A4 791 #5344 1 0 A g A4 5
WA A PUEZE R A SRR, IR AT AL BT AR PINSS (quantum generative
adversarial networks, QGAN) J2Z& . GAN M ThA 2~ 7E 2018 4F, Lloyd %5 2 $2H 7 3 Fl
QGAN YRR SIEH] 78 UAFIH AR DL TR R 48 J7 T, QGAN LA 8 GAN EoAT 47 ik RE SR

SIAMEE: Z528%, M, MEE, & BT AR M SUR K R B T RS KRG, M EEREE SEREE, 2024, 54
1541-1557, doi: 10.1360/SSI-2024-0015
Li J X, Shi S S, Shang R M, et al. A fault-tolerant quantum teleportation system with the anti-noise optimization
of quantum generative adversarial networks (in Chinese). Sci Sin Inform, 2024, 54: 1541-1557, doi: 10.1360/
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QGAN FES BT « MG A i LA B 7 il £ 55 B FH AT e I 1 T 2 3 AR 3 o~81. fildn, 7 2019
i, Zoufal %5 O $EH T — i lE A NE K QCAN, 1§ F & 74l LA IBM Q Experience #2411
S AL PR AR AT TN, IR E IR T QGAN LR TTHARGE M PR 2021 4F,
Huang %5 101 f) TAEBIL T QGAN M s 4E UG A miBE /7. 2022 55, Rudolph 25 M 528 7 —4 QGAN
Sk )R A e i EUR, EHE RS E B A R E B MIEOL IR B2 M GAN B4 RUSUR.

BlE R E TE BRI AR R FTT 1), 2 9 RAEAR U 10 AN R R, &
TIBEEE TEEH O RON FLE BN E. B FREAS (Quantum teleportation) 121 & &1
AL 2017 4F, AR FIRA B8] 2l T B TR DEBEE KA 14 ARNET
FaTEALAS. SR BT 2 A M ME 5 1 UL S AS i A2 FH B T S S5 800 T B S IR, A&
B TAL A ITVEA IR T B it — B 9T

=Y (quantum error correction codes, QECCs) M4~16] & i Yo g1l Z I 5 TP 1) /L | 42
HETFRAFHIERNEET B, B i T 2 & SLie v 47 WA R Re, 8ol N2 BoA g
(1) QECCs z— BT~ S-F IR 2 e FE T R 11 20, B2 IE— PR R B0 24 g, BRI 75 22
— AR A BRI 2 B SR . SRS A R T R IMY L g — B V2 R FU R L B, /ML
{563 VLAE (minimum weight perfect matching, MWPM) 222 il it T 4R 48 & 4F 14 J7 e 2045 42
R E S A0 ARG SRS . SR AT 90 RN, AE3R SR MY S R e b, JE TR 5 S A 28 HA 38
IR JR T8 7y [23~28], #ltn, 15 2019 fﬁ, Andreasson 25 29 $EH T —FhI3E TR R4k 2% ) 1 $0 FMD A
i ds, A ST MWPM MZHERE. 76 2022 4F, Wang 55 B $2HH T — Rl T4 M GAN [M#4hMg
fRh 2%, fERhD 5 1)@ S ORI AT LLIS 2 98%, I 1648 MWPM I H T RE.

ARCHRH T HT QGAN Mg a8 A il i A 5 B T RIBAL ST, FIHZEET QGAN fERS 211
HRMY, EABIA RS IEN T A IR R, ISR TRIPAS RN EEER. /£ QGAN fi#hY
M, — AN TR (variational quantum circuit, VQC) BU fE &R TS, A—1 VQC /A=
TENE. AT T d =3 fl d =5 P GESRFNRIAGIAT 7 HUESLES. SLIREE R, AR IR T
MWPM (14 Jay &0 P 5, BAT S8 v i DR 30 B2 BB FD S8 A ARG RO RN, 255 QGAN fi
T8 KR ML B T FEIRAL S SLEe T, A R T R 2R G0 B A 5 0 2845 11 Re AN OR 2L 3R I

ASCHIFRNAN T . 2 2 0T QGANL VQC. ¥ 1. EFRRIEAASFI AR A1 H 18 401 56
BEESNA. B 3 TE T RIS R AR AR IR, 5 4 TSI VAL e T A
[R5 25 RA SR TAERRT L/t e )a, FATHe RS T AR TAER RS 5 R .

2 EAREEA

2.1 QGAN, VQC KREFI]

QGAN HEARLEM 52 8 GAN 0L FEZ M GAN H, Az BSR4 51 58 30 F 99 AN Jol 22 ) 2% ) i,
I ST R RN 2 S A KB B AN R AR . EE T RIS, SRR s D Ho
Z A VQC. VQC & —FiSHL & 724, Hrha s —Srlif s X850 LE
Rk PR AT, DL/ MR BREL. VQC T s B T AR R B BORIRE B, S & U e
BE G, DR FRBRNSE. B 1 ERT QGAN [EABR, —AN &4 RS0 B br
R oy BIEAR A, AU T RERLT H AR BRI AR AR 2, R T X0 SN E X 5 2, F 2y
2B LR, W1 A R A A 4 ) g8 AT AL
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Target data

Quantum

e N ' discriminator

) )

o) wor |1 oy (A o)

) —(A) - o) —{ue )
o) . —A i e —

1 (FREYZE) QGAN £#E. — QGAN Fg&h— M ETEREN— B TLISEMR. BTEREE
AR, BTSHERSEREIRNNIEE

Figure 1 (Color online) QGAN structure diagram. A QGAN network consists of a quantum generator and a quantum
discriminator. The QG generates sample data. The QD distinguishes between generated data and data source

VQC &[SI 7 B SR AR P IE B A . 7T IR ER A T AW 7 BUAF ) Hilbert 22
) (R 2 SRR P S, LA LR ) B T JERE R X TTL 2 110 Y TTBAK H (Hadamard) ], XEEHT
IR R 73 0

01 0 —i Loy a1
Oy = , Oy = y Oz = ) = 7= .
10 ! i 0 0—1 V211

A, ONOT TR AR VQC KIEERE 7112 —. CNOT & —F i B ) 2958 0E, AW M NE T
By, BN H R T H A B AR 7 LURE. 815 R, ONOT TTHI o) [t) — |o) [t @ ¢) 4, Hodh ¢, e e {0,1}.
Wk R, B T EeEE A (1), WS B AR R T EEER AT XD, 5000 B AR & 1 EUE AR ST AR TR A

2.2 ETFRFEAS

BTRIPAESETE M THEE TSR TERETIE B Alice A4 Bob KIEETA
[y = a|0)+ B3 |1), HPINFES DIR AR Z 0. 1555, Alice 1 Bob il % —% EPR (Einstein-Podolsky-
Rosen) IR, W 2 iR, KL a F1 b 28 7 APEZS |Boo) = 1/v2(]00) +|11)). Alice Frf a Al
[), Bob ¥ A b. &id & FRRILALSEIEMERIETT LUK ) 3 ER T b, BARERVEMIE ML T =25

(1) Alice LA [v) FNEEHIEFLLERE, UL a A HEFRET R, 347 CNOT 1. HT a Al b 22 EPR X,
BERE a, b A1 ) — TR T =R 7298 R 5.

(2) Alice XJ a $44T H '], FFIE a A1 b, 193] 4 MATEEAIIIEZE R 00), [01), [10), |11), FHKEEE R
R i%E4 Bob.

(3) MESG |v) FIERE EHERE] b, Bob R EL RAPATEAERBAT X 17, 2 1. Y [TH
HZ — 1331 HFRAS.
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2 (MBIRZE) EFREIES. BIF a 1 b  EPR WA MNELTF. Alice $# 5K F a. Bob #FHEHRTF b.
RBKFERREFRIE. [v) METHERE=ZSEFRIEGEHRERNT b
Figure 2 (Color online) Quantum teleportation. Particles a and b are the two particles of the EPR pair. Alice holds

particle a. Bob holds particle b. Gray rectangles represent quantum operations. The information carried by |¢) is transferred
to particle b after three steps of quantum operations

2.3 ETHRIMNG

ARG, FMH ML RTINS SR T T RIEAS e ). BB IRl
TRICFEZ RS AMD A % SEBL. 7B X LERAT £ 1 | R Y. & 7RI i2 & 14 s e —F, Hin
FAAETEE LAY T IR A AR S (A PR, BEA SR B2 B RIS ) p B 182:38) {5 B AT Snis. bl
Jr B R T A B AR AR 2 RO R RE 0. AR TS A S A G5 T DU —> B A S 57 1) 1 5 78
For, BT IR HPIES € B A g . T BRI EBIA R T, IR E & W8 vk s
Forb, T RIS T &

X —AMBEE Y d BRI, &% C KIKDNA d xd, BATE T fO UET e AET 0o X
3ANEERHE. XT ©, — MBS O Bkt AR RS SRR R T WS 2508 A% b B 0

Aovr, DR RIHEIL e, TSRS FFHMEE . XEFHveC o ffeC* feC v el
eeCee cCr REMMEIETHEMT C M Wb AT veC (f*eC) METNZ FE
/AT fe (vt eCr) NET N X FaEs, malich Z, Xy,

Zy=11 % X¢= ][] X )

elvedre e€oa f

Hp, 01e FIRTA Ve MBS, 0of Foon Vf HILIES. BT Pauli X 1 Pauli Z A5, T0 5 A
FHEX 5, R IH A Ml 7 = FRmGHREss. dhesg—illwlm, S582a =1
FIANMEEEEE, WARNSGESAE, TR E TSR IRE, —AMLEN d RIS ESR V =F = &,
2d% METHEE, DL 242 — 2 NEasE 8.

3 A&

3.1 ik

XTI DRI p = {pe,c+} B Pauli IR%E E = X Z.-, UEEHIEE — DR ER ISR E
. RS Z, A Xy BIPE R ) ks i B 1 R R XORTIRAN 7 B R, T LR R AR R IR I
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XENLIRRE A A 2 1 +1 A0 —1, RIFE S B T 72— 3 —1 iR, 2> d x d dinf% b
1 d* — 1 MEMETRIE T, BT REAEAE— AN —1 AR, SRS — D LR ETE (Oc, 07c) 1]
Wi
P (0c,0%c*) = Z Z P(c+ec+e”). 2)
eEX, e*EZon
RAGGEIERRIFH. 73T A8, JATH Zh £ —HRIE R T HURE, DUSON T BR 2 A Ak B s .
AR ET URF A IR T BRI B A LA, RIS I & 7 SRR [ 2R A IR A, R
LB T IERF A R T LURFRA A T — AN ISR TR AR PLIA, X 2RI R AR B ¥ B
T GhR, EBCES TR T AR, — B I 58 R A 2 BN B B T LR 6, I
Fi R S O R R
Pouce = 30;0* (egl*a)éE P(c+e,c+e”). (3)
FE— AR T, MR RT — DR BER, Poce — 1 X F TSR G RE P ~
0.11. XFF d — oo, IXEMRA R IX A BUEL I IX A 0 S 1O 20 4 B 1 BUARS AN BF IR BT RS — R 20
JET MU, I8 3 o 1 BAT VR R R T AR IS KR B L B 3 EOU U 1 R A T LU AT
RS, FEN —A> d— 3 EURF RIS 51 A FRISRIE S T A B AT SR JECA i ) s
— N R T AR A AR A5 1 A T LA A IE SRS AR A BREE . FRAERT MWPM & — 45
RS 5%, L AR IR B A SR S AR SR T DL IC, 3 B B i /M UL C A2, X T 5 21 & A DL
MG ) e /M DR B, R, MWPM RS &% (0 e S22 FERE R 1 RS T A ATIZ AT I IR). ARSCHET QGAN fig
8% IE L 2 S R I L3 A AR, el IR AQIGR, BERA sk b DL RS R 4551 X BLIRAT25 /8 AR AT
TR, X RFRA Z SR DML IER P ORAE Y = —iXZ $RDMER P2 KA. 25 ¢ B4
AT X IR AIFER R MG C LA IEMST 7 HHR R 5 5 . A QGAN s a5 b i S 5 FE [ /2
A R R UL BC T BR O A5 51, BRI IR — PR A AR AR R it 2 8 1

3.2 QGAN fZrai&E

RN QGAN PSR AR LTS I & T EUASAE S, 221X QGAN fRiL 28, & 74 s
AR T4 5 88 R 7 HAT LR ERE ] R, (0) A1 R, (0) LA LR HIAIAIIT €2 1 vQC. Hi

100 0
cos$ —isin$ e 020 010 0

R, (0) = , R.(0) = . , CZ(0) = : (4)
—i sing cosg 0 ei0/2 001 O
000 e

QGAN BEHIZER KK 4 Fros. B A RE R TS0 81 VQC #OZ i1 k2 LB AL
. XSk RN VQC MITREE. W T8 1AL plias, 7228 AR i & i A 87 Uy, WSCER TN B 45 R,
A n LA REA. X T8R800 8, HAREE AN S8 70 A E N, TR R AR 2 % AR
MR PTA T LRy, 920 E 45 R TSR AEL L.

Kl 4(b) BoR ¥ — 2 n BRI IEBRAERITIHA. 3 ANiedetd i i e N E B ke b X
MIPS R E AV

N
[T 7 (0hs) B (61.2) BL (6044), (5)

=1

1545



FREES BT AR A TR L B R T RIS RS

eX0 XeX 0 XeX o XeXo o O—iHrL H{A
@ E x B x B x B x X o D
7@ Z 7@ 7 VA W4 Ze@ , > :
creroTeroTeroTt 000 00 — H1)
o Duaqbic X0 XeXo \.7\0 \.7\0 X (] van -1:|y,)
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72 X g * X X 2 “ 2 g~z > 7 X B 7 X
X0 XeX0o XeXo XeXo %Xo Xe X0 XeX 0o XeXo .)\WX.\O
B B x B & 5 g - B % 2 B B X B <
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3 (MERRE) EFREBTEE. (a) BE X BESRN Z RERNEFREMBLREANELE. REFNEAE
= 4 M EREENBIEE T, FIORRATNELESMENEIEFILY:. S— MBS FIL~E IR, WMEITE
ERAEENNESERT N —1. (b) ABRERTTETREESFILIFURIRER. (c) RELEERSIRDER
RRAET IR, "RMBRY. (d) BEUBESIREEREKT IR, RRUERD

Figure 3 (Color online) Schematic diagram of a quantum surface code. (a) A surface code with X and Z stabilizers.
Surrounding the stabilizer is four data qubits that store information, and in the center is an ancilla qubit used to measure
the syndrome. When an error occurs in a data qubit, the measurement of the corresponding stabilizer eigenvalue becomes

—1. (b) The green error correction chain and error chain form a non-trivial loop, indicating error correction failure.
(d) The blue error correction chain and the error chain form a trivial loop, indicating successful error correction

Forp bR @ FoREE | DMETHARR, ARk RORE kB EETOR, CZ T T AETA R T EURE, iIX A
WREHRR N

N

H CZEz mod N)+1»

i=1

FAp TR @ RonBHlE T HRTS, TR (mod N) + 1 Fox HARE T HRF 5. IEXA R,
BAE T HRHAT 3 NS E R E T IR TR 1 DS EE 7251, IANH Sk K
DT BT LR TG IE AT A XA T ROFP A1 B SRR, RN, 2 IR RA
an NSHL AEREEN kI VQC Hh, — L dkn NSEL SHINZ MR RN 2% 1 E R, 1Y
INEREE k REUS RN TR I VQC S5 NS Bt 4.

W 5 PR, REUENAEL M HEHNE TR s R Yok T, SGRe el &1
G i FEL I B B T Bl . R TSI A A A B AN S SR S BT AL BGR T rEE . B S BT R
INAEX A F B AR IS Bl AU AL B A 55 ) 2. e EE AN B 1 A8 2 ) AR B PSR B A B 1
SMRFE. MR LS R P i S TSR TR T HAR s BB . e, &7 A sl Al
B EABSEARYERE L . WRZ RGP T AEREA, A&7 TR A s RS

(6)
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(@)

Data state 4

Input state 4

(b

=

—[ R(0}) ]—[ R(0},) H R(6}) ] &(%)
—{ R(62) H R(07) H R(OF) H CZ(G;,) }

.—[ R(6}) ]—[ R(6}) H R(6}) ‘ CZ(HF 4

:—[ R(6;) H R(G;) H R(6}) ] | CZ(G:kf;‘) i—o—

4 (MERFEE) QGAN BHEALKE. (a) EFEMSIMEFLERNRN VQC H k REERERRT. EFHE
FRERHIRIAHI T R E AR, EFERIBIRFHITIE T EIRKRMBEE. (b) —BEEREMNIIHSI, B R. (0),
R, (0), CZ =Fh[" 1L

Figure 4 (Color online) Circuit diagram of the QGAN algorithm. (a) The VQCs of the quantum generator and
the quantum discriminator are represented by k-layer unitary operations. The end of the quantum generator performs

measurements to generate samples. The end of the quantum discriminator performs the measurement to compute the loss
and gradient. (b) The gate arrangement of one-layer unitary operation, which is realized by R. (6), Rx (0), and CZ

FMELR, MAZIR PR L. QGAN RGEREE IIRELE RALIEA, B R0 s st

3.3 REETFREESHZX

A QGAN RIS B AL E T RRIBALS, EE 0y 3 Nide. (1) ¥Issiid R, pri
I (A AT AT A6 AL B S 45 (2) AR ASIERE, Prtiid (A2 A 1 IRAL A TR AR 5384 (3) &
AR, iR 23T QGAN MR ER XS T4 Kotk A B R AR e 21 1.

3.3.1 Rtz

A ANRIEE Alice i BT Bob AR E BN, BRI MSa BT, HIE Alice
(RIFR IR, A 55 A AR FH P BRI RO B ik, 5 P ik, IS5 44 212 > EPR &
ERAE B
1

s = 5 (100)5, + 1113 (7)

Hrh [ =d, %R TE7TRUGIGEE, i =1,2,...,202. ]G a R b BT DI K4 Alice
Bob. FX Alice FifT 1) 2L2 A a BT NR S A, 7K Bob #4611 202 > b KT NRE B, B 5 R T
24 A M B 3 TG
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—>» Training
—>» Sample

Classical Initialize G & D Update circuit

computer | parameters Quantum c-1rcu1t parameters ¢ & 0
Syndrome data ¢ generation

CPU
Loss computing

Set learning

T
1
parameters o :
1

{ Classical = Quantum ! Quantum ¥ Classical

v :

Quantum | Optimize

> Sample from
computer Load generator G, Measure o G
enerator
quantum quantum state g 0
circuit > Optimize fidelity ¢

QPU discriminator D
T Target data

5 (MERFE) QGAN REMIZITRIEE. EEESANGIRE, LadikARERIRE
Figure 5 (Color online) Training architecture of the QGAN model. The blue arrow is the training process, and the red
arrow is the sample generation process

WAL R inE TEN
|6) = @iy i) = @iy (02 [0) + 5 (1)), (8)
Hot oy +18i]° = 1. 1 Alice fE3B IR (5 B 20T, X |o) HHATR IS4,

oy= TI "5 II 5200000, = eileh=2 @0 +810), ()

feCrxr veCrxL
He |0y, = ®f§f*1) 0) A 212 — 2 AN B E T L. o) RUNRHERIIE T4,
3.3.2 fESEE

Alice HEHIEH IR 1 75

1 , ) ) )

V) = ———— @5 [a}]0) (100),, + [11),, ) + 57 [1) (100}, + [11)0, )| - 10

v = £ [at10) (100}, + 11035 ) + 87 1) (100)%, + 115, (10)

F2, Alice bL |3) 4 B F LR AR bILURE, 5951 DUR 48 A o &R F HAE A FLBRECAS, fER) ONOT
11, 133 [v,),

@) % Bob. |¢) Al 202 A~ |W), , AT LARIR A ERIZS,

1 2L | 1 i i ’ i i
) = @227 [a10) (100)s, + [11)%, ) + 81 11) (110}, +101);,)] - (1)
HIR, Alice Xt [¢) &7 HURHIAT H 1, 133 |D,):
) = (ﬁl) @27 [l (10) + 1) (10005, + 1115, ) + 87 (10) = 1) (o), +101)3,)| - (12)

Wi, Alice 535Xt |¢) MRS A % 87 LURHIN &, [2MME (M5}, i =1,2,...20% B
TEASEL 1/4 FIBERAFE] {00,01,10, 11} T FPE5 R K IMER I 202 4 %ﬂ?iﬁ? Bob.
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F 1 Alice WNEFETRER 4 MERUK Bob RIFENERFEHNITHIRIE

Table 1 Four results of the quantum system after Alice’s observation, and the operations Bob needs to perform based on
the corresponding results

li)e [Ya, ) {M;} ) Gate
|0) |0)?, {00} o |0), + B 11); -
|0) 104 {o1} ol |1} + B 0); X gate
1) |07, {10} a} 0 — 8] 1) Z gate
1) 1), {11} o [1); — B} |0); Y gate

Alice B S [Wo) HHE) 202 DN RGELL 1/4 KBRS R 1 i 4 Bl —. AR, Bob
IR RS B R 202 MK, W nl e B3 1 H e 4 IR 4 il —. filtn, Bob Y BI5—
SHIMEL R A {00}, W |y, ) BPRAN i’ [0), + Bi (1), [tn,) = |o1),. MU, 5 Bob IEI5E— %+l
BLAEFA {01), W |y,) BPRZESN ar’ (1)) + B17[0),, BEEF Bob 34T X TTEEE] |¢n,) = |¢1),. FAM
M5 R Bob i EHATHRAE XS R I 1.

2 Bob MRAEAE {M;} 70 50%S [o,) AT 5EAH R BRAE S, Bob K fG 3| & 14

6) = @24 o, (13)
B FAEAE S R 7 IR A A9 ARAR T DA S B T B R 5 S 520, AR Bob R IR |9) 5
¢y ANTEAANSE, ToBHE— DA HHRAE.
3.3.3 4$Eigiz
Bob fE5E ARG ARG, MBI R T8 |¢) —ERARE. T |¢) &idhibaE 11w
i, FA AT LT o), FEHIGIT 4 DMRE TG 4 MaEFERT, R 2

AV AV AV A (14)

XiXFX3X i) = Xlpi), . (15)

AL FE A R AEHRN, BT AR T2 MBS S, Z, M X MAIEEALE, Z = +1,

X = 1. FHLd R b R A THHR, TR SR0E T2 IR 526 &, MR IR E FAEAE K

1488 —1, B Z = -1 80 X = —1. Ak, Bob B MMAS o) H&&E T AR R e 7, K fd

BB AE T X HERR Z BRI AREE IR LS R (e,¢%). Bob 4 |¢) fEN QGAN fRig a4
AR IR N, B 5 75 BUARRD J5 112 4R S

4 SCRUVHE

4.1 1REN)IZ

BETHERBERN Gy, BT EREERIRN Dy, Fh 0 71 ¢ 53518 Gy A1 D, 11 VQC S50
i&ﬁ%ﬂlﬂﬁﬁé&ﬁmﬁj)@u VQC 7, BN —A n BT RIS [Yn). BT RS2
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(Color online) Training results of QGAN decoder.
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(c) Convergence of quantum generator and quantum discriminator loss functions at d = 5. (d) Change in FID between the
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% 2 QGAN fEIERMTEE MK
Table 2 Stability test of QGAN decoder

Size Depth UE oF
K =10 0.3946 0.0206
d=3 K =20 0.2373 0.0197
K =30 0.2275 0.0213
K =10 0.4318 0.0335
d=5 K =20 0.3880 0.0228
K =30 0.2989 0.0466
1.0
0.9
(0.1706, 0.73768)
08
071
= 061
£
=
= 05
8
:o" [ —@— MWPM (d=3)
)
0.4 _@— MWPM (d=5) S
A— QGAN (d=3) RN|
03" —@— QGAN (¢-5) ™
----- MWPM (d=30) -
021 T ——
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7 (MERFE) BRI, ITFREKXD d=3,5, QGAN WZHEREE [ B TUBEERE p BT
%, H5EHA MWPM BHEREREITHER (d =30 B MWPM REFRIEARIRIES d WEE)

Figure 7 (Color online) Evaluation of the model. Logical fidelity f of QGAN versus bit flip error rate p for system size
d = 3,5 and compared to corresponding results using MWPM (the MWPM decoder for d = 30 is included as a reference
for the approach to large d)

d=3 M d=>5 KRG FEIT IR ZRIERIER, MG R WK 7 frs. EHHEE p = 0.05 FIEL
W, ARR A2 5 R h 25 AT LLE R 99.605% AT 99.887%. TMiAHFE W E T, MWPM AR %A
95.827% 1 97.834%. M 7 & T LUE Y, BEEHRZ p REEEIGM, L4 Th R0 5 R . (D EExE
PR M B T B, MR p KT XA RN, AR 3 0 A R T 5L gD () 2 R LR
{HESIREE p XA BRIE RS, B R (3G I 2 AR R BRI, fEXT LT d =3 Fl d = 5 TR
BRI, MWPM B 8 SRR B ME 2908 P = 0.1099, T QGAN fifbht #8455 7 it {8 20 1 B AE 20 N
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* 3 QGAN RIS d =5 HhIMIEFREETSHIEER
Table 3 Experimental results of quantum teleportation of d =5 QGAN decoder

Number of failures at d = 5 (Shoot = 1024)

Error rate (x1072) Original fidelity (%) Optimizing fidelity (%)

2 3 4 5 Ave

5 99.52 0 0 0 0 0 0 100

10 99.11 1 0 0 0 0 0.2 99.97634
15 98.63 1 1 3 4 3 2.4 99.77508
20 97.97 6 2 5 5 3 4.2 99.58345
25 97.53 9 6 6 3 7 6.2 99.38673
30 96.98 11 8 2 13 9 8.6 99.16336
35 96.52 11 16 18 5 21 14.2 98.61583
40 95.97 22 23 20 21 18 20.8 97.97382
45 95.46 26 27 22 24 28 25.4 97.51796
50 94.95 29 31 33 28 30 30.2 97.04618
55 94.52 47 41 39 31 26 36.8 96.39785
60 93.95 34 45 53 43 44 46 95.51741
65 93.53 55 61 54 47 51 53.6 94.76015
70 93.14 72 78 67 53 61 66.2 93.53917
75 92.66 79 74 63 71 74 72.2 92.95038
80 92.23 61 76 94 86 95 82 91.99797

100

Experimental fidelity (%)
Average failure count

0.05 0.045 0.04 0.035 0.03 0.025 0.02 0.015 0.0 0.005 0

Error rate p

E s (MEMEE) EFSHNREEMATHEERBNTUBEE. AEEXHEAFTHERIRE Shoot = 1024
AR E, HEthEATRNREE RN
Figure 8 (Color online) Fidelity of quantum states and the changing trend of the number of uncorrectable errors. The

red bar graph is the number of uncorrectable errors when Shoot = 1024, and the blue curve is the fidelity performance of
the experiment
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Figure 9 (Color online) Comparison of the fidelity change curves of original quantum teleportation and QGAN decoding-
optimized quantum teleportation. The black solid line is the fidelity performance of the original teleportation, the red solid

line is the fidelity performance of the d = 3 optimized model, and the blue solid line is the fidelity performance of the d =5
optimized model. The black, red, and blue dashed lines are the fitting curves used for data analysis
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A fault-tolerant quantum teleportation system with the anti-
noise optimization of quantum generative adversarial networks

Jiaxin LI, Shangshang SHI, Ruimin SHANG, Yanan LI, Zhimin WANG" & Yongjian GU"

College of Information Science and Engineering, Ocean University of China, Qingdao 266100, China
* Corresponding author. E-mail: wangzhimin@ouc.edu.cn, yjgu@ouc.edu.cn

Abstract Quantum generative adversarial networks (QGANSs) have demonstrated superior performance when
applied to image processing, financial analysis, and other fields. This paper proposes a quantum topological code
decoder based on QGANS, which is applied to optimize fault-tolerant quantum teleportation systems. In this
study, we first construct and test the quantum circuit of a QGAN algorithm, establishing a topological code
decoder training model. Subsequently, algorithms are designed for the input and output of the topological code
eigenvalue dataset, and an efficient decoder is trained. Finally, a topological-code-optimized quantum teleportation
system with a QGAN decoder is constructed, exhibiting better fault-tolerance performance compared to the
original system. Decoding experiments with a code distance d = 3 and d = 5 show that the error correction
success rate of this model reaches 99.887%. The QGAN decoder demonstrates a fidelity threshold of P = 0.1706,
significantly higher than the classical decoder threshold, which is approximately P = 0.1099. Furthermore,
the quantum teleportation system, optimized for noise resistance under a topological code with d = 3, shows
a noticeable fidelity improvement within the non-polarized noise threshold range of P < 0.0607, while under
a topological code optimization with d = 5, there is a significant fidelity improvement within the non-polarized
noise threshold range of P < 0.0778. The proposed QGAN decoding model, combined with quantum teleportation
methods, provides a novel approach for the application of quantum deep learning, whose principles can be applied
to other areas of non-uniform noise processing.

Keywords QGAN, topological code, decoder, depolarizing noise, quantum teleportation, fidelity
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