TR
COMPUTER SCIENCE

NISQEFXIESIN-BEEFIIERBRKEE
I, XUIAIE, $9BAYE, EANMS, MEDAL

5IAEX

Z0E, XiRE, $9RANE, N, mlR. NISQEFEESM-BEEEFIERRAUEERD]. HENRZE
2026, 53(4): 112-120.

LI Hui, LIU Shujuan, JU Mingmei, WANG Jiepeng, JI Yingsong. High Frequency-Dense Quantum Gate
Set Optimization Algorithm for Quantum Circuit in NISQ Era [J]. Computer Science, 2026, 53(4): 112-
120.

BUXEEE (SERXIME IE JIREREEXE)

Similar articles recommended (Please use Firefox or IE to view the article)
BAESIEXNRRIEHICEIR: RRSERSHENE DT

Category-Theoretic Semantic Representation: Systematic Review and Compositional Mechanism
Analysis

HENRS, 2026, 53(4): 337-346. https://doi.org/10.11896/jsjkx.251000136

ETFREETARHEK-TIESRHIT BMENE GRS
Image Classification Based on Hybrid Quantum-Classical Long-Short Range Feature Extension
Network

HEMREIEE, 2026, 53(4): 277-283. https://doi.org/10.11896/jsjkx.250600108

ETEHEFHIBBEKRBEEE
Variational Quantum Algorithm for Solving Discrete Logarithms

HEHRIE, 2026, 53(1): 353-362. https://doi.org/10.11896/jsjkx.241100181

EFEFEXREEN2QANEFHEEEMK
2QAN Quantum Circuit Scheduling Optimization Based on Quantum Firefly Algorithm
HEHEIE, 2025, 52(11A): 250200097-10. https://doi.org/10.11896/jsjkx.250200097

EFTBERNEERENBGZA
Review of Quantum-inspired Metaheuristic Algorithms and lts Applications

HEHNRIE, 2025, 52(10): 190-200. https://doi.org/10.11896/jsjkx.250500127


https://www.jsjkx.com/CN/10.11896/jsjkx.241200213
https://www.jsjkx.com/EN/10.11896/jsjkx.241200213
https://www.jsjkx.com/CN/10.11896/jsjkx.251000136
https://doi.org/10.11896/jsjkx.251000136
https://www.jsjkx.com/CN/10.11896/jsjkx.250600108
https://doi.org/10.11896/jsjkx.250600108
https://www.jsjkx.com/CN/10.11896/jsjkx.241100181
https://doi.org/10.11896/jsjkx.241100181
https://www.jsjkx.com/CN/10.11896/jsjkx.250200097
https://doi.org/10.11896/jsjkx.250200097
https://www.jsjkx.com/CN/10.11896/jsjkx.250500127
https://doi.org/10.11896/jsjkx.250500127

0 'H‘ :ﬁ‘ *fh ﬁ‘*‘ ‘% http: /www. jsjkx. com

COMPUTER SCIENCE DOI. 10. 11896/jsjkx. 241200213

NISQ EFT&BEM-BFEETIIERMMALEE

= B AR\ AR EAE  ED

1 REBRLAFUHENSEETEF KR % KIE 150028

2EATARTHSEREABEEALRE % I/RIE 150028
(hrbeu_lh@163. com)

W E A%E P FHAET (Noisy Intermediate-Scale Quantum, NISQ) B 4K, , # B A AF 48 42 RIEH , FEH AT F NH T
HBMAT B FEZARMANSNINING SWAP BEEZAZT T IE LK G IHEB S RABEFTHERG L, ATHBLEL
T AR TAE T SWAP #HEF R M T4 . S EF AR ERITE L. RE—HSHM-F L FF 114 £ % (High Fre-
quency-Dense Quantum Gate Set Strategy, HF-DQGS), FF ¥ A B A T2 F AR weH., A TEFLHFME, = CNOT T F4%
EBEXN S ELBZM-BFEZTFITE;AA ST ERAJHMATAE R SWAP 1769 5% R IF45 24734, A £ 5 AT SWAP 15 4%
P T F IR E 09 Ak SWAP TR Mo M, SWAP 4245 )5 sF 3 R 47 b4k, ik sh R o9 SWAP 11, S B &R 4
L, HF-DQGS #. 4% 2 F &V W m SWAP N &, FE— 22 F L&Y CNOT NMe#% &, B4K®m 3T, E tlket)#= Qiskit %%
BLeymXAERE T, 5 SWAP MK BT AMY T 36.6% A 47. 8%, CNOT MK BFH AR Y T 13%F
13. 4%,

KER.FFHIL:ZTFEBUN: M- FEFTFITERE; 5T FRADH;HM SWAP IR0 £

FESHES TP391

High Frequency-Dense Quantum Gate Set Optimization Algorithm for Quantum Circuit in NISQ
Era

LI Hui"*,LIU Shujuan',JU Mingmei' , WANG Jiepeng' and JI Yingsong'
1 School of Computer and Information Engineering, Harbin University of Commerce, Harbin 150028, China

2 Heilongjiang Key Laboratory of Electronic Commerce and Information Processing, Harbin 150028 ,China

Abstract In NISQ era,considering the hardware coupling constraint limitations,not all quantum gates can be directly executed,
and it is usually necessary to utilize the additional introduction of SWAP operation to realize the qubits exchange before the logi-
cal circuit can directly run on the physical hardware. In order to overcome the extra overhead of quantum gates brought about by
the introduction of SWAP operation in the traditional quantum circuit mapping process,the qubit frequency is investigated, and
the high frequency-dense quantum gate set strategy( HF-DQGS) is proposed and applied to the quantum circuit mapping. Based
on the qubit frequency,the CNOT gate is prioritized.and the high frequency-dense quantum gate set is defined. The actual over-
head of candidate SWAP gates is evaluated using a multivariate cost function to determine the SWAP operations to be performed.
According to the evaluation criterion of optimal SWAP gate based on qubit frequency,the evaluation function after SWAP opera-
tion is compared to select the optimal SWAP gate. Experimental results show that HF-DQGS can significantly reduce the number
of additional SWAP gates and,to some extent,the number of CNOT gates. Specifically,the test results on the t|ket) and Qiskit
compilers show that the number of additional SWAP gates is reduced by an average of 36. 6% and 47. 8% ,respectively,and the
number of CNOT gates is reduced by an average of 13% and 13. 4% ,respectively.

Keywords Quantum computing,Quantum circuit mapping, High frequency-dense quantum gate set strategy(HF-DQGS) , Multi-

variate cost function,Optimal SWAP gate evaluation criteria

FF5 HIP.2024-12-30  i&f& H I :2025-05-18

HAIH RIETUAE HARHERE G I H (LH2022F035) 5 B IR VT4 H @ A B 55 45 2 35 4R B1HT AT B 97 11 ) (CUNPYSCT-2020212) 5 I /R 5 R Al
R TFAERAT R A A7 5 F 10 (2023-KY YWF-0983)

This work was supported by the Natural Science Foundation of Heilongjiang Province, China (LH2022F035) , University Nursing Program for
Young Scholars with Creative Talents of Heilongjiang Province (UNPYSCT-2020212) and Science Foundation of Harbin Commerce University
(2023-KYYWF-0983).

SEAGEVEE XA E (liushujuan0911@163. com)



4B LA NISQ BT AR RS- AR B T T TR SR A AL SR vk

113

1 3l

il

TR — R T T 2 R AT RS A A AR
B, SMGTRRE, &P R SN R TSR
RAEE . XSS R ] LA S A o] g A, A R
T B % AL 3R R R IT AT 7 I 78 BRSO T SE AR 4K
Gnik . BT R TR AR W B R R T LR
P B I AAR LR AT TR A 5. 17 1 30 0% g I f 465 %
2t A R AR DL R et . T AW
RRL A% GE TS L AE AL 35 B85y 52 2% 1 o) R, 45 6 98 R dt
B ] L B RN . BT LR AL B R LA IR AT .
X ] AR L TR R T R

FE NISQ RHC, & F I3 & R AR AUK 36+ 8 1, 36 5 2
F R A 242 Rk SR A R LV L A R R =2 AR
SRATAE — 52 A 22 M, 7T 1 00 o o 0 BR ol Pl 8 T i 7 4 A
T BPEAT AR R B8 S Ak DL B B R TR SR . FE R T
{5 B S ] B0 v B I 235 ) 1 R o A5 T e AR 2 IR A
P AR Z B L 0, AT ZEBAM SWAP #24E 5k 523 %
LG R 2 ET B B SRR RIS I NS B AT £ 11
W S SR I T A O R I T EL S N G B TR B L Y
S PATRE T, 5 R AL A L T AL R R
G BUTE R R L i AN B SWAP AR B K
PR A e S I

TR T Lk R S ) Y e R A, © B IE B NP 5B 4
) ) AR TR N AR R T 2 W RS O B
TR BT B PR i F i A5 B, Lao S HEH T —
FrE R ACTS S A LA 25 F SRS TR 1 i 2 B AT
W 3 22 18] 14 38 LA 1R S E AN RGBT 4R I I
SE R RS FE 2 — . Zulehner 50 AT BB 2 A
BT LR B Y T LR Y St e Pk i AR
W 284 Y5230, Steinberg 2LV FE 2022 4B 42 1 HQAA
Bk TAE NISQ i 4 Iyt 7 5 1k 40 T ) 4 it LL R 02
W (ER N T RS A A N A= 1S O ol S O el A
B AR X s AL T SWAP [, 2020 4F, 8 T 0 2>
SWAP [ TH% &, Niu 213 Y HA(Hardware- Aware) B35,
B BARTT LAZE SWAP [IFIAR 1] 22 [A] 3E 47 % 85, fH R 78 45
2 AN TR AT HE B0 H H BUAS (52 M, Siinkel 485 F 2023
R —AE TR AR WAL, 1T A s ik i
THLHE, Lao 55U F 2022 BT — Bl EF X i 7 BE40 A i
FIE AT (QAOA) 1Y R 5 E & F 4 1% 2% 2QAN, Jf
T —FEE—HEAR, B E TR, -
WOy ik BOAR A T R AL R AR TR R R R U B R
BT LR B o e S

AR S G T 7 T A A 2 R R T A B 4 I e
MR, R T U /D A SWAP [T RCE LR - R £ R T
ITAE SRS . 125 Wl A i - AR R T TR L T
21 3% 1 00 bR R G R i AR SRR SWAP T,
La IR L M H R, /e SWAP T8 3. HF-DQGS

B TE M AL 2 - local 1 7 fi Iy %5 00 KT U A) B B9 1 T AR B
QAN AATIE i F A 6] (i b F A R 4 iE R S £
Tl LA B T 2R B WS S A5 S T B )z s A

2 BTHE

2.1 EFLLH

TR TR R IEARRIT, SEMIILER
[ . 457 Lo AR RT DR B AL T 100 R 1) B & 2, 3X — R AR
ZMEE, =D PR .

1 0 a
=a =a = )
[¢)=al0)+BI1) (Ojﬂa(l) [8) ¢!

Ho, |y e F IR A K e BB 252 450, 91 B 2 44
lal*+ g7 =1, Wit &, & FHEFH R OI DA, B
BRI 0)A1) MAE R 500 2 el > #1812,
2.2 EFI

HFVR R FIFEER R IT, NE TR EREY
W T o W 8 e b S e Sl (O R A [ RV 25 < EN 1 =T
MM & 7114 Hadamard [7.CNOT [Tl SWAP []. Kl 1
BT RARFITNFS ERR., He, Hadamard [11EH T
R AR O — R T AR E TS B INE  CH M R
H5RT7FEMESNES, CNOT IT2E% AWM 7. 7*
e RA M, o RFEHIOL DRI B, T LLLHEF L
TR B R B — R AR RR S A S — A
F LA, AT dE S T AT 2 R A 4 0 R, i 1 () TR
SWAP [T 3 4~ CNOT T4l & 1Co) i, B g 3l &
T HRR R A S, RIS CR A5 S AT 08 A 6 AR AR AR

) - < ﬂ&g; ﬁ ﬁf
NI

AR

L B4 N
(@)CNOT T A
[ e a—
H AT L =]
i H U U ”
(b)Hadamard (c)SWAP
Bl 1 HeAETI]

Fig. 1 Basic quantum gates
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Fig. 3 Example of quantum circuit mapping
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(G=1.2,,n) R A SWAP #:1EJ5 & K 19 & 7 b4
BE s N e = { N (g0 ) S B R B R BUAT 3 58 SWAP (g, 5 q0)
Joi s FEFT BT o T X B KR AR A P 1<
1<<n, 1<<h<ln, H t7k, WIPEM RBOX TN -

Eswar = Nunax () — Nna (g;) 3
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A1 WHEEGEUS m &K E TR
Noax (¢ 3
AW 2 TR PR A SWAP #2:4E . 15 20 7 B e 5

m' R R T AR N (g 5
HYR 3 BRI PAT BB TER SWAP [, L3RS 1E
BT o T ER R T AR E S N
B A FEHS ' T, LW E A N TEUE 10 KN,
T4 X Iy B IR K SWAP 218, BN R Eswap {8 552/ 19 28
e bR AR . 38 2 3 Fh I v 0 B SR U ) SWAP 4545, BT LU/
i SWAP [T/ S E AL A1 T 4%
AREER AR I 1 TR,
ik 1 ksl SWAP [
i A :highest_qubit_frequency: B4~ & F i Z [8]4fi SWAP ['1J5 , B e
ST B d5 Bk T LG AR
4t s optimal_move : AT 9 A SWAP []
1. max_increase <= 0
2. optimal_move < None

3. for each move in moves do

4, increase <= highest_qubit_frequency [ move]
5. if increase™ max _increase then

6. max_increase=increase

7. optimal_move <= move

8. end if

9. end for

10. return optimal_move
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(qo»qs) 45 LB SR T 2 25 Ak B I 36 £ SWAP (qo 5 g0 AT
TR . i BRSBTS BB T
M 5 o) o il A SO ¥ R 145 A SWAP (g, 5 g7 ) Bl BE
i A 2 TIER T NN T 5 ik, AR % 2
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(qo>q2) e B 5C 4 H T MR A 307 ¥k B 3R 15 1 I 2 e Gt
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Examples of different SWAP operations mapping

o VEAL G 125 Pk B8 L B A48 B 19 TE Al b 1 35 2 0 0 i 40
FEMEM R R 0 IBM 9 Qiskit 1 FFJF 4T CX/CNOT ]
£ A Qiskit 4 i3 25 247 40 8 AR 4K R A Murali™ (1
FHEM IR . HF-DQGS 7E Python 3. 11 ¥EE T 308, I 76
— &7 Intel Core i5 AL HI#% (2. 50 GHz,8 GB RAM) 4 i
ARH E AT TR G, AT ] ket) S B AT RA
0.11. 0,4 #E “FullPass™) Fl Qiskit 4 iF %% (A 0. 26. 2,
ARGy 3D HEAT DK TP AR S B 3 4 B 22 1 AR,
BEABL SRR IE AT 5 W Tk U S IR .
5.2 HERSW

# HE-DQGS 5 t|ket) Al Qiskit B % 1% I 8 #E 17 H %5
B 7 M 8 SR TR IETE IBM F Y4745 8, gl 7 i
/8 HF-DQGS £ %14t SWAP [THI CNOT |7 4 3 H J7 ifi . AR
BT tlket) Al Qiskit ¥ — & Ak, B 7E & F IR R £
B R 5,

1t ket) i ¥ 2% 0, 6F T 20 A1 22 &R, B
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U 13, 4% F 16, 7% WNE 7 FIE 7)) s, X T 4 F)
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A 68.3% . CNOT [THCR A 15, 2%, Il 7¢o) FE 7(d FF
Ae XFT 4B 10 & LR 7E BT A BT AL B T, SWAP 1]
BB S 26. 9%, CNOT [TEEFHm A 13.2% . 3T
12 2] 22 #F LR . SWAP [ T80 61. 8% ,CNOT ]
BRI/ 13, 6% . b 2QAN 8> 9%, W& 8(b) iR,
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Table 1 Comparison of additional SWAP gates for different

mapping methods
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