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Fig. 1. (a) Single-layer QAOA quantum circuit diagram composed of problem and mixing operators; (b) decomposition of the prob-
lem operator (blue) and mixing operator (purple) in standard QAOA; (c¢) decomposition of the problem operator (blue) and mixing
operator (purple) in MA-QAOA; (d) decomposition of the problem operator (blue) and mixing operator (purple) in RY-layer-as-
sisted QAOA.
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Fig. 2. (a) The QAOA+ quantum circuit includes a standard QAOA layer and an additional problem-independent multi-parameter
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layer??; (b) the decomposition of the problem-independent multi-parameter layer.

3 RY E#i# QAOA

QAOA 38 % R B E T BEIL 1T S 8t Ak,
HBBRHIE QAOA JZEHy 14 M i 1 K.
[ INF, PR RS B R AT 3 A TS B i 4, &
AR FE IS ERAE 2 B SR BT, S8 QAOA
FESE BRI H T T I A PR AR, 3 4h, QAOA 1Y
JZ B 2t 24 NISQ W47 415 o R 528t
FE 7. 32 K NISQ B {458 5 EAT A BRI AH TR
[ IV 1 A B LU R it - B R 58, s LA X 2o
ZR I ZEL. R, aner 76 SR R 5 A R S8
QAOA A RUF Rt A5 0 R et Xl A ]
Wit—FhEEREAS 7T 0 R NISQ & R 1it556E
N REE G R T2 E0S 2 R M AR R, (&
AR B R A B QAOA SEms, H TBIA T 48
Y R ARAE, FANTFRZ N RY J2HiE) QAOA.

FEFRUER) QAOA BJZLE | 3 78 ) 182
JE T —2 RX 1] (RIMR] X et 1) i ri &
YE. BRI A A B REE, /l\l‘nﬂz%ﬁ)%'ﬁlu‘

E

Ao A AR TT. AT RY )25
B QAOA, ¥R & #AE HARIL B R4 [ BT TT I
BRI, sl R AE R PGSR A& 24
BRY '] (B YEERTT), WA 1(d) s, 78
R R AR TR B L E8RE, iy kT
o SRR R 25 0], B E T T R SRR M RE.
DI RENN S B, RY JZ2HB QAOA RIS .

1) il & hh A AR ) B RN
PR E T AR n AN n A (0) BT HUgE
R, XA R LR T H T THET LIS 21 R
G T [s), Hor|s) an (7) R,

2) [A] NG T A W 2 = (Z2+1)/2 1R
A (2) U (I Z 53 53R B S5 - ] Z 551,
I mE = rp B BT, A AR R E ) E b pR AL
Xf N7 B R RS 2% i H 1)

He= Y 2 0
(u,v)EE

3) i RY 24 QAOA T4k MR
MR 1 QAOA [ BZE B4R, TEMRZ%
BIRTSIA RY 2. 3XFE, [n82E R LLER N

1
U (HCa Yk tk) = €Xp |:_12 Z ’YkZuva + tk,2a—1Yu + tk,QaYv:| (9)
(a,u,v)

1 & 1 1 &

A exp {iZ Z 'ykZqu} X exp {12 Z tk,2a—1Yu:| X exp [12 Z tkﬁgayv] (10)
(a,u,v) (a,u,v)
A . Yy . Y,
~ H exp {—wk 5 ] X H exp [—115;672@_12} X H exp {—1@,2&2} (11)
(a,u,v)EE (a,u,v)EE (a,u,v)EE

080301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 8 (2025) 080301
(10) 30A1 (11) 3B Trotter 43k (Rl ed+5 ~ U (Ho. B2) nl:[lRX( 26,) (16)
oAeB ) A, Sk BRI, TR R S

te = (th1,te2,  stiom), k0 QAOA Lk rh )2
B, m e R R, YRR YRR R
FetwZuZv B LIH CNOT [JF RZ '] (BRI i A
Z 1)) AT, HER AR

1 0 0 0
0 -1 0 0
ZuZ:=1o o -1 o (12)
0 0 0 1
e" 00 0
0 e 0 0
e 1 ZuZs _ )
0 0 e 0
0 0 0 e
1 0 0 0\ /e 0 0 0
0100 0 e 0 0
“lo o 01 0 0 e 0
0010 0 0 0 e
1 000
0100
“lo o 0 1
0010
= CNOT (u,v) RZ (v, 27, ) CNOT (u, v) . (13)
K, U (He, v, ti) AT LAZRR
U (He, vk, tr)

= J[ ©NOT(u,v)RZ (v, ) CNOT (u,v)
(a,u,v)EE

X H RY (u,tk,ga,l) X
(a,u,v)EE

II RY @ tr2)

(a,u,v)EE
(14)

XTFIRA BT, He AT, B, MIER:
BEBHL, 5 U (Hp, Br) BIIEARA, TTLIEE
U (HBvﬁk) - eiiﬁkHB

n—1 n—1
= &Xp (_iﬁk Z $U> = H e_lﬁk%7 (15)
k=0 v=0

Ho, X2 f XET. WEF e X uf P
RX [J5E8E, U (Hg, Br) AT AR N

4) SRFFHIERE: Wit p 2 QAOA
AR B A
v, B,t) = U (Hg, Bp) U (He, Vp, tp)
U (Hg, p1) U (He,y15t1) [s),  (17)
LR |y, B, 0) FEATIN R, 153 Ho 7E |y, B.6) E 1)
BB (C),
(C) = (7.8, 1|Hc|v, B, 1) - (18)
5) ZHAk: itk & FL g S8, [fifs
He TEXT |1, B, &) LR HBEE(E R AT fig
6) EAE AT EEIHATLIR 4) T 5), HBNGE
RSk, 1R EESE (v, 87, 1) .
(v*,B",1") = argmax g,(C). (19)
7) AR G e AE A RY JE R B
QAOA JF15 3 i & 28, &2 B L it
.
e fe KE R, CNOT-RZ-CNOT [ %X
it G ARG A G BE 4, R
JZEFLM, WA RY BEsT], 5IAMAZS
. BRI RY 1S3 IR B2 L PR IR B, 3
INSEARAR T, R S R e 205
177 2] FIASALL I B 1T AR B R0, X e {1
PR, TRBE M 23R, [ Bsf o A2 g Pofr 512 2R
SRR SR RERTE 2 o

4 LIERG AT

AAdi FH MindSpore Quantum 27 g F 11 EAE
28, SLHL T ARIE QAOA K FE i AE IR MA-QAOA
A QAOA+, I AR MK RY 248 QAOA
AT T L SE . e B s R IR R 55 1 2 &
a5y, mfgE el 3-ENE L 4B E, DL
RALE 0.3—0.5 Z AR BEALIE, WlE 3 fis. 564
REF T Z IR RS, 3-1ENEIF 4-1F
[N ES VU o2 o by S S it T 72 T i N ES L i
AT R RASAT T R IE L. 52 2 LB R
Fir bR, 5 U ET IS A, A SCRT R AR 1
FENM 5 T RE 15 1A, BRI A
LT PEEVERE. JTE 1 SR B TR i
FEXT LU A3 BT AR SCHE 9 26 6 5 A ifE QAOA

080301-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 8 (2025) 080301

Ko HARRTE B ) U e R B T 40 k. AR
SCRHMA TS BRI #S A Adam, 222 R
BEHR 0.05, EARECH 200 K.

o<
4

Bl 3 SLERAMMNKE  (a) 5E2E; (b) 3-EE; (
IENE; (d) MEHT”O?,—%Z@E'J%WEI

Fig. 3. The four types of graphs adopted in the experi-
ments: (a) Complete graphs; (b) 3-regular graphs; (c) 4-regu-
lar graphs; (d) random graphs with edge probabilities
between 0.3 and 0.5.
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Fig. 4. Average approximation ratios of single-layer QAOA, MA-QAOA, QAOA+, and RY-layer-assisted QAOA on the four types
of graphs: (a) Complete graphs; (b) 3-regular graphs; (c) 4-regular graphs; (d) random graphs. The problem instances are randomly

generated using the NetworkX library.
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Abstract

The max-cut problem (MCP) is a classic problem in the field of combinatorial optimization and has
important applications in various fields, including statistical physics and image processing. However, except for
some special cases, the MCP still encounters a non-deterministic polynomial complete problem (an NP-complete
problem), and there is currently no known efficient classical algorithm that can solve it in polynomial time. The
quantum approximate optimization algorithm (QAOA), as a pivotal algorithm in the noisy intermediate-scale
quantum (NISQ) computing era, has shown significant potential for solving the MCP. However, due to the lack
of quantum error correction, the reliability of computations in NISQ systems sharply declines as the circuit
depth of the algorithm increases. Therefore, designing an efficient, shallow-depth, and low-complexity QAOA
for the MCP is a critical challenge in demonstrating the advantages of quantum computing in the NISQ era.

In this paper, according to the standard QAOA algorithm, we introduce Pauli Y rotation gates into the
target Hamiltonian circuit for the MCP. By enhancing the flexibility of quantum trial functions and improving
the efficiency of Hilbert space exploration within a single iteration, we significantly improve the performance of
QAOA on the MCP.

We conduct extensive numerical simulations using the MindSpore quantum platform, and compare the
proposed RY-layer-assisted QAOA with standard QAOA and its existing variants, including MA-QAOA and
QAOA+. The experiments are performed on various graph types, including complete graphs, 3-regular graphs,
4-regular graphs, and random graphs with edge probabilities between 0.3 and 0.5. Our results show that the
RY-layer-assisted QAOA achieves higher approximation ratios in all graph types, particularly in regular and
random graphs, where traditional QAOA variants are difficult to implement. Moreover, the proposed method
exhibits strong robustness as the graph size increases, and can maintain high performance even for larger
graphs. Importantly, the RY-layer-assisted QAOA requires fewer CNOT gates and has a lower circuit depth
than the standard QAOA and its variants, making it more suitable for NISQ devices with limited coherence
times and high error rates.

In conclusion, the RY-layer-assisted QAOA provides a promising approach for solving MCP in the NISQ
era. By improving the approximation ratio while reducing circuit complexity, this method demonstrates
significant potential for practical quantum computing applications, thus paving the way for developing more
efficient and reliable quantum optimization algorithms.
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