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Abstract Aiming at the underconsideration of line structure characteristics and hierarchical demands of the traditional quantum
scheduling strategy,and the execution will be occurred to reduce parallelism and increase the circuit depth during optimization ex-
ecution processs this paper proposes the Quantum Firefly Algorithm(QFA) to apply it to 2QAN quantum circuit scheduling opti-
mization. Quantum information is introduced to explore multiple locations simultaneously, and it increases the coverage of the
search space. A balance between the exploration of the new solutions and the development of known solutions through the wave
function evolution and collapse mechanism,meanwhile, the random perturbations is imported to enhance the search diversity,and
the solutions will be jump out of the local optimum with quantum tunneling effect. The algorithm optimizes the order of quantum
gate operations by evaluating the fitness values of different scheduling schemes to reduce the circuit depth and move operations,
which in turn improves the circuit parallelism. Tests are conducted on four benchmark functions. The test results show that,com-
pared with the firefly algorithm,the convergence speed of the quantum firefly algorithm is improved by approximately 40 % , the
quality of the solutions is enhanced by about 67 % ,and the search efficiency is increased by 45%. In the optimization of quantum
circuit scheduling,compared with the traditional algorithm,the 2QAN circuit,the 2HQAA algorithm,and the combined algorithm
of LCRA and LTSA, the number of SWAP gates of the quantum firefly algorithm is on average reduced by 42% ,6.7% ,10.4% ,
and 3% respectively,and the number of CNOT gates is on average decreased by 15. 6% ,10.8%,11% ,and 2. 2% respectively.
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Fig.5 Demonstration diagram of the quantum tunneling effect
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Quantum Firefly Algorithm

ters osf0s7sh, MaxlIter
Output:Global best solution
1. Initialize N fireflies:
Fori=1 to N do
x;<-Random_Position()

¢i<Initial_Wave_Function()

i< [(x)

End for
2. best <<Find_Best_Firefly()
3. while iter<<MaxIter do
4 for each firefly i do
5. for each firefly j do
6 if ;>1; then
7 r< |xi—x|
8 B < Bo* exp(—7y * r?)
9 V <Construct_Potential (8, x;»x;)
10. ¢i<—Solve_Schrodinger_Equation(V,h)
11. xj<—Collapse_Wave_Function(¢;)
12. end if
13.  end for
14.  Apply_Random_Walk(a)
15, Ii= f(x)
16.  Update_Best()
17. end for

18. iter<—iter+1
19. end while

20. return best

250200097-5



Com puter Science TTHHLEIS  Vol. 52,No. 11A,Nov. 2025

B RRE AR 6 Fis .

FIARAG B F 8K A A T
’ﬁf(q/,(x)

SS9
BB RN

Y
WK R WE 1,
:

‘ HERT BV ‘
!

‘ 8 A ‘

W YO A LR
P =P
Xaew = argmax(P(x))

DA AT FEALAE 20 15 203
B Xpana = X+ * (rand() - 0.5)

AL 6 B F K 2 i

§
bi

TSR R R 52

A A 4

HRAF AR BH AR

5 ARk AR

WRT B R Ay

R

kA

P06 T K B B R
Fig. 6 Flowchart of the quantum firefly algorithm

B eI AL N AN i, A KBRS BE L) A6 A
2 HIEG T U R ¢y LR B o X RO N A T, 3R
FFIC SIS B R 0 B AR B 1 —2 47 . R E AP
AT M 5 A T W L R AT LR, IR kil B
S>>0 M K U M B ICHE & DL KRR 51 B,
F SRR VT SR A 5 5 R K R I R o, T
3 RBP4 T N e o TE N R B D o AR S PHAT BEHL
Yozl It TR RLE N A B A R R LR (5B 3— 19 47),
BTk R 2 4 R AL G 20 /7). QFA B R#EH 2
B SR VE R A W E L K AN N e ALy S USRI
SR b, MaxTter #l B 2 HFBURMES B, Hh % ¥ w &
B kS O SR R R RO RO B AU 1. 05
R ECE N S8 RS AU B B A 5B 4, AR
EEHEAE 40~60 Z[H] ; e KEARIR B MaxTter 50 5 2 05 81
P R 09 B HE L B BUE 7E 100~ 150 Z 18] BEHLHS 3 R 3K o
S0 Jay #B 4 F BE ) RS AR e L A UURE FE 0. 95~0. 98 Z
Vi 5 e KW 5| BE By 32 Wl 42 Jm) 45 2R 18 ) A K ) 28 B9 o

FEBUETE 0. 8~1. 2 Z 0] 5 JGW e R4 v 5 i 48 R 3 [ 1 Jmy &8
WERBEEVIELE 0.8~1.2 Z[H, XESHZEFERL
HAEF B0 kAN IR S Sk R Lo A1y LR T 2 )R
R R R AR Sy, SR b, R AR 4R ] AARASE | R A B
R PR ) ok B B A0S 1 S U
3.4 R

TIRRT B TR Kk MBS W Kk A L TE sphere MR
%1 .rosenbrock PR . rastrigin PR B AN ackley pR%L F 3k 47 I 8L
PR B Y 25 2R B A AR 3 AR OB O A bR R O R RE M
QFA 5 FA Y ZHIC Sy - 4% K BUACR 40 A die Kk AR B
500 K ,a=0.97,7=1.0,8 =1. 0, [n] B 4 ¥ 10 2 . M) 3L 4L
10 k.

Final FA:138X10 —FA
Final QFA:210 - QFA

10!

Best fitness(log scale)

0 100 200 300 400 500
Iterations

(a)Sphere function convergence

Final FA:3382%10°
Final QFA:242X10

H

|

!

i

!

!

—FA
- QFA

10*
=
«
&
g
= 10!
7 H
]
=}
=
b
2
£ 10
.....................................................
0 100 200 300 400 500

Iterations

(b)Rosenbrock function convergence

, |[Final FA622x10 —FA
10° ||Final QFA:317X10 --- QFA

H
H
~ i
) H
4
& exw0' | 1
s H
2 H
1 H
=
&
) H
g ax 10! || =mer 2
3x10'
0 100 200 300 400 500
Iterations

() Rastrigin function convergence

Final FA:563 —FA
Final QFA:312 --- QFA
[

!
i
i
6x10° | i
i
i
:

4x10°

Best fitness(log scale)

3x10°

0 100 200 300 400 500

Iterations

(d) Ackley function convergence

P 7 QFA sttt I
Fig. 7 Convergence test diagram of QFA

TE 4 ML RRE E L QFA M EL FA 3 30 i T8 HR Ay Uig 8

250200097-6



2 ONELSE R TR T UK U LAY 2QAN 1 R R BE AL AL

W, QFA e 4 B3k 19 35 B B A AR T FA, R B QFA JiT 13
i 14 T SR AT QF A WSSOI T £ B Y- 9 A R R R Bl L R
B QFA IR EMH R, Z8G7E 4 A D o8 % E Ay i 45
WAH, 5 FA AL, QFA B U SiH FE 42 724 40 %6, i Y I it
T2 675 HWRBFRT 45% . W QFA @I 5 AT
B 76 WCSOH BE A 7 T L 42 R 48 R 8 ) B R R 4
7 AR E AL TR 5en) FA B,

B8 R T QFA M FA BRI 2 #E kI 8508 L de R

7R A Ao AR A e 2 0 D) 20 A . I i pR #0A Sphere
I‘_lﬁ(f, INFPFEZ B (Population diversity) & (& 8 (a)) 1] LA
A QFA 7E R B8 9 Z Ak IR B T R IR R BE Ty
B J5 2 4 1 2 M IR, 3R B e T Rk B B Wi S
(Convergence speed) HH £k B HL QFA B E WS, 45 A 3 Ny JE A8
R R TT LUE th QFA 1135 B i e o 48 L 2% B R R 3L
SR, v i 2 W R A B R D kL R B TR Y
i B Mk, 5 WS FA R LE R B T S 4 09 fig , 10 I SRR 4 £k
R R R B ) Bt &0, WBITEJT R SRR Z 1 #

BB R P Re . R AL E BKE D QEFA S 2L B A B R
o [ B R A — o 1 A B AT B — R AR T
77
— QFA — QFA
ol »
5!
5 ﬂg 15
2 3l $ 10
A ° g
9! o
5
1!
01 0
0 20 40 60 80 100 0 20 40 60 80 100
Iteration Iteration
(a)Population diversity (b) Convergence speed
0 {[=QFA
I
-0.050
, 0075
£ 0100
= 0125
-0150
-0175
—0.200
0 20 40 60 80 100
Iteration
() Best fitness evolution
. " QFA )
0.030 03
0.025 024 ¢
N s N
g oo < o
g 0015 é 0 - v
A 0.010 A .
0.005
0 w‘ -02
0005 : 03
—0.030 —0.025 —0.020-0.015 -0.010 —0.005 0 -0.2 -01 0 01 02
Dimension 1 Dimension 1
(d)QFA final positions (e)FA final positions
K8 QFA XFH 41T
Fig. 8 Comparison and analysis of QFA
HPEKBRAZREREN OCT * N x (d* +d * log
(d))) o Horp T O Bk RRE N 3 K R RE RN d 1A

MR, K9 RN TR TR AR R, R T
KRB G~ 1) 2 . E P g 5~20) iR 75
RoE e, QFA M RE R 21 18 35 803 L 76 1 4E (d>20) QFA

PEREE TAE

175 06

+FA
05 1
04
03 /
! 02
: 011 /
0
5 10 15 220 2 3 5 10 15 220 2 3

EF-T 34 LEED S
Ca) I 1] 58 2% JE 43 7 (b) %5 [ 4 7% JE 4 B

- | QFAE#
0 — FAZ®

08 1

WA A /MB

a7 500
=
F=g 06
£
g 400 ;ff( "
<
& 300 ®
& 02!
200 o L
50 75 100 125 150 175 200 225 250 5 10 15 20 25 30
JE R TR 4
(0QFA 5 FA Bf[H] [L (d) JH6 5 2% JE e 4

B9k T A A A
Fig. 9 Analysis of the computational complexity of the quantum

firefly algorithm

S

ETFERNBEEREMNA

B TR R E R B FE R —
P58 BE W 3R 7R AN T S8 AR 45 7
i 98 B 7 SRR 430

HETFII0H:

(DI he B 17T 2 7T DL HE7E Y A Lo R e T 04T

(AR TR B B 11T 75 30 5 SWAP #24E 4 R i A7
BT,

(3) % 3 I'T: SWAP 7, 7] Lk 43 K 3% 38 SWAP [7] Fi
dressed-SWAP [7], dressed-SWAP |72 — ™ 45 5k i) SWAP
PeAE R R M B T T I TERAE S SWAP B E G I — i
AT [ B 58 B A B A 32 3 R 6t Al B P P T A L &
PEAE DL B T B R R IR

IE— 2R R 0] 68 2 M AT 22 HE AT D IR B AT R 0T
BOYEZ 2 PUEAT T B3 B bl 0 TR oK B e O T A
SWAP [T 3 #:4E )5, 2 AT A Ho A 177535 2298 B2 (AL Oy 4
oA o o€, OV TE M B0 2 AT R B — 2. R — 2
P SE R Z ISR AT AT, IR B R ST SWAP #4E 5
B LR RO O R A B EL R ITA T # 8 08 B 5
B, F MO S FERGA Y & JF B A 2 R ERAE 0 St A BRAE
ST LA A B X R A ) B A B AR

MR B2 43 J2 ML 38 T o 2 2 o B0 19 3 7 B PR K

A HE 9 [T 45 30 52 I
PR R R B TS

f=w d+1+w21‘ ‘ng(l*g) (20)

Hl w0 WA BB d NHEBHFEE, NQ<N<22) R
TR . AR E . e v FITEK. PANE
A JE - AT 1B, B H BT 389 9847 B R .

S|
o

2D

n

Ho |GV RR SR @ A W T T LAJEAT 3047 B9 B T 150 0

250200097-7



Com puter Science TTHHLEIS  Vol. 52,No. 11A,Nov. 2025

o BRI AR B O A B T A AR P B R T IR
JE dge/IN S FEAT BE die v o B8 B 4R A B B D, LUK B 9 4 T
SR AURE S TERE
i K U BRI -2 R A 1 R, A K
BB T HA G A B RS B AR AN R — e TR
FH T8 38 FE A 2, HG vz e 00 1 o E 75 O L 3l SR
ik B S i 7 R DR TSR 7 K HLIR R B, P e D R R A L
T PRBORE Ao A SR A K R AL R SRR T 2
R MU B 5] BEALHT L OF 255 LI 3 S ms LUK 3R 42 )R
TR BE 7, O G B AR S B L
) FH A7 K B R B B D0 O =X B AR 4R A 2
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DRSNSk 2 s .
&% 2 Quantum Firefly Algorithm for 2QAN Scheduling
Input:Circuit gates G, Number of fireflies N, Max iterations MaxlIter,
Control parameters as30,7sh
Output: Optimized scheduled circuit
1. Initialize N fireflies with random schedules and wave functions:
Fori=1 to N do
Fi. position=<~Random_Schedule(G)
Fi. wave_function< 1/ v/ TG|
Fi. intensity<-Evaluate_Fitness(F;. position)
End for
2. best << Find_Best_Firefly(F)
3. while iter<!MaxIter do
4 for each firefly F; do
for each firefly F; do

&2

6 if Fj. intensity>F;. intensity then

7 r < Distance(F;, Fj)

8. B<Bo* exp(—7 * 1)

9 V < —B* F. intensity * exp(—7¥ * |F;. pos—F;. pos|)
10. Fi. wave_function<-Solve_Schrodinger(V,h)

11. Fi. position<=Update_Position(F;. wave_function)
12. end if

13. end for

14. if Random(0,1) << a then

15. Swap_Random_Gates(F;. position)

16. end if

17. F.. intensity<-Evaluate_Fitness(F;. position)

18. if Fi. intensity™>Dbest. intensity then

19. best < F;

20. end if

21.  end for

22.  iter<iter+1
23. end while
24. return Construct_Circuit(best. position)

Bl N AT KCRAME AR R F LA 3 AN s
BB M position., I %L wave function. i@ i FE B4 intensity,
Xif i K R HE AT AT AR AL » position S Bl AL A= B B 40 4R R BE O 4
MR R WA BN 1/ VIGT H i G FoR T 28 &
Wi FITHEE |Gl RRES GHR/N, BT B E & T
BEGE 121D . EBREA T SR F, 5HAMFTA
K F, AT IO AR ki Fy g ok iU, s, 3t

S KA AR R IR B - MU 51 B, 4 dl i T 3 e V,
o 2o SRR A S 5 AR SR AR O RRRC T8 A IR e BT 4 TR
Fi 08 R 4—1347) . DIBER o X5 HUfir B R 1T BEHLIE
gl ol i BEALEE e ] 4o B S B Bl HRT A i ok LIS R
FOWr 4 R e LA (3 14— 20 47> AR £ 2 A9 S5 e R 32 O 5%
P B i T LB OB 24 47D

5 SRHAR

5.1 TEMIERR

AR SCAH T LA 48 5 ok 3T Ak N 7] 4 735 45 1 B < 3 A SWAP
FTE AR A L PUATR E T LRR TR AT TR R
PA AR PERE . X L IR % A R 1 RVA e AL P e i
F LT A AROR . ERMEDICEE H IBM A Qiskit & R R
CX/CNOT 14 . i ] Qiskit g PE2% 1T 20 i AL 1L . R
FEAEMR 7, B QAOA BERL, GRS T8 1
PLEUN 4~22, A F A EON B o BB 4T 5 K, IR R
TR S A A5 R AT AT .

77K B R AR Python3. 9 FF 523, AT T B 4 %
) 2530 7 HL I T B4 Intel Core 17 A3 2% (5. 0 GHz #1 16 GB
RAM),
5.2 HEERT

F1—-F 4 BRT QFA N HF 2QAN h 4L 5 4 5 HF
5 t] ket), Qiskit, HQAA,LCRA.LTSA, &l & LCRA I
LTSA W& 45 A R0 F A, A SCR L T #E 72 19 “ FullPass”
B tlket) i #R (RRAS 0. 11. 0) F1 Qiskit Zi PE#% (RRAS 0. 26. 2.,
RACGN Dy 3) PP Al B F IS PR 45 2R, H 3R P4 G 2%
AR T CNOT 8% CZ 14,

F# 1 Qiskit I QFA 5 HABR 09 SWAP %3 BUA Lo 5E

Table 1 Comparison of SWAP compilation costs between QFA

and other algorithms on Qiskit

Qubits  Qiskit  2QAN HQAA LCRA LTSA combination QFA

22 123 45 49 35 36 41 37
20 93 35 41 33 33 32 32
18 75 36 32 30 30 30 28
16 55 27 28 25 26 24 24
14 68 25 25 22 22 22 21
12 42 20 22 18 18 18 18
10 28 19 17 17 17 17 17
8 18 12 12 12 12 12 12
6 10 9 9 9 9 9 9
4 8 6 6 6 6 6 6

#* 2 Qiskit | QFA 5HABR 0 CNOT % i A He 4L
Table 2 Comparison of CNOT compilation costs between QFA

and other algorithms on Qiskit

Qubits  Qiskit 2QAN HQAA LCRA LTSA combination QFA
22 105 106 109 80 81 81 83
20 84 79 83 75 73 71 72
18 78 88 73 68 67 68 63
16 69 60 61 56 56 55 54
14 57 56 57 48 48 50 46
12 48 43 47 40 40 40 40
10 43 47 40 38 41 38 38
8 30 26 28 26 26 26 26
6 24 20 20 20 20 20 20
4 15 13 13 13 13 13 13
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%3 tlkeo L QFA 5HABF LN SWAP 4 i A LA
Table 3 Comparison of SWAP compilation costs between QFA

and other algorithms on t|ket)

Qubits tlket) 2QAN HQAA LCRA LTSA combination QFA

22 65 41 40 37 37 38 37
20 58 34 36 32 32 35 32
18 46 30 30 29 29 29 28
16 40 27 28 24 25 24 24
14 43 22 24 22 21 23 21
12 35 19 20 18 18 18 18
10 24 17 17 17 15 17 17
8 18 12 12 12 12 12 12
6 11 9 9 9 9 9 9
4 8 6 6 6 6 6 6

# 4 tlket) | QFA 5HALKER CNOT % i A AL
Table 4 Comparison of CNOT compilation costs of QFA and

other algorithms on t|ket)

Qubits tlket) 2QAN HQAA LCRA LTSA combination QFA

22 102 95 93 81 82 80 83
20 82 77 83 72 72 72 72
18 75 68 71 66 65 66 63
16 64 60 67 54 56 54 54
14 57 48 53 47 46 45 46
12 45 44 45 40 40 40 40
10 42 39 40 37 35 37 38
8 30 26 26 26 26 26 26
6 24 20 20 20 20 20 20
4 15 13 13 13 13 13 13
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AR B R ke b B
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P T 30 4 B 3 3 i T AR AR 00 43 Mo B R, LA B T BT A
W AR AR ORISR 2 R R b 2 2%,

HEA~12 T AR A S AL PR RE 2 IR N KL 7R 12~
18 1 T Ho AR QFA JFin BoR 3 7F 18~22 Bt F H AR LT
QFA R AL, QFA X KB A %A 47 iy b B RE 7, 75
SWAP [JHI CNOT [T Ak A4 T4 1 &b B GE 77 , 14 6 Ik 3
BN REMER ., FIR, QFA B3R T /- F K IFATE . 5% 4%
A AL T2 42% SWAP 7. 5 H i 30 AR 50 36 41 1L 1
T 5~10% SWAP []. SWAP [/ EWE E £ 7 LU

IEAT AT, B0 B AT, 3 T A B BUAT A . QFA W3
WD R 6B SWAP #4E AL T R HGRR ) BCE B2 B L i >
TR AR T AY . A CNOT [T 8 % i 20, £ B QFA
AT RFIIAG T WO TR FITHRIE RS TR T
ML BT R, SWAP 181 CNOT [150s /b , ff 15 1 24 E %
T R R A LR 3R e R A T R T B
AR BEAR T R A R AR TR IO T RE L 4R TR B T SR I

T 12QAN
12 k1 C_IQFA

W e

22 20 18 16 14 12 10 8 6 4
Qubits

() fE tlket) I- QFA 5 2QAN g 17 i fa] X L

014 [ T___12QAN
i C_IQFA

012 [

Running time/(t/s)

010 [+
008 [+

006 [

[y

14 12 10 8
Qubits

(b Qiskit I QFA 5 2QAN 2 171 [a] %] Hy

004 -

Running time/(t/s)

002

8

o

22 20 18 16

B 10 QFA 5 2QAN iz 47l 4 He
Fig. 10 Comparison of running time between QFA and 2QAN
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