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Bilby dynesty 3100.0266 30.0942 7.5000 0.7878 0.0016 1.5973

. ... RT-PSO-BR 3118.1037 30.0984 7.5000 0.7834 0.3384 0.9854
BT 1
. Bilby dynesty 3100.5019 30.0980 7.5000 0.7860 0.3333 0.9854

€l /7% T RT-PSO-BR 5 Bilby dynesty $1%} [i]—iBBEALT | 1l e iy — 20— 2
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Ak, HH 2D 2R RT-PSO-BR [R5 5, 15 (0 i 26 3/R Bilby dynesty [1)555
TSR . BESEM B AR LR, Tﬁé’ﬁ/\%’ﬁ@fﬂ IiJF' Eﬁ%i%r 68% EFIXIEU %
JE 5 R %%T 95% EFIXIH] ;

3 g *ﬁ%ﬁﬁ%?ﬁﬂjmm, RT-PSO-BR E?Eﬂ:ﬁ“
&%*E%%%m%%gﬁ ifi Bilby dynesty 2 5 75 H 8 52 5 5 50 415 1 DL - T 7
[/ B#1], RT-PSO-BR Hfiiit4h 197575 Bilby dynesty FiZ) 95% SHLEAE X EIPY, W]
RT-PSO-BR B8 A5 500 (21 5 B 43 7 (0 s AE R 85 8 X o, BiiF T RT-PSO-BR 7E i 57|
FIe BRI . WRR A EHE R , Bilby dynesty 7£ Me. t. T DAK At PUAS
SHEREIH BB S TR, %%ﬁﬁ%ﬁLmA%ﬁﬁﬁEﬂM@Wf ﬁm
%ﬁammMF%ﬁmmﬁﬁm,rﬁméﬁﬁ i = £

SIS el TS R o TR, T B,
%“ﬁ%wi%ﬁlmﬁ%ﬁﬁ%%@R%W%%ﬁZEfﬁﬁﬁ%m#%%@Hl$%
6 R B e A BT B o A S B F IRRAL (5 ., S BRI %ﬁ¢¢m%ﬁ\m@
AR TS Moo+ 1o RHEPERK, T THEM AT A5 B — MR 1 T4 475 Bilby
dynesty X4 HEHRLROHEWT 72 T — e m,:%ﬁ%ﬁﬁﬁ%ﬁw&%%%%%oﬁ%
WEIE, BIR o FRAMTHIHR T, (EISCPREUERE B 00 0.1, BT 32 0 R e
Yl . ZEAAHT I, RT-PSO-BR (U AESLHL ST L BAC R E, T 10. 1. At %
BRI VT FAT BTSRRI, IR % T2 S50 R A M R O35 5, #5758 Bilby
dynesty 4 LI 77 S M B IS B0 431

) [ By 3R T RT-PSO-BR 15 Bilby dynesty %7 2 450f 45 5 Sy 25 B T
KX 2 (Relative Residual ) FIPCECEE (Match) KA A EALE SR EMA TR TER.
szt AR @FR, TR AENGE SIS S AR,

Jﬁz&(mw—hdmy

Relative Residual = )
\/ﬁ Zf\:]l h (1;)?

P h(n) RIS | ASREESO AL, R (1) BESLESAES | ARAE SRR, N
2 HORBE AT

Match T AL 2 RO HIAR E, @18 pycbe_calculate_match p%Y 73 it
e, HitEmaAR @R, Match FBTERY [0, 1], b 1 FRMAME S5 40T
I NUR

g Lt 60)
e Ul (o)

M(hy, hy) = (10)
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logao (Mc)

6o 1 2 3
logao (D1)

¥E: 405 RT-PSO-BR [ {ifif, i (2 1X3ky Bilby dynesty [¥))5 3070117, A& (LN FLSKAN .

P16 RT-PSO-BR 'j Bilby dynesty x}i&Bift 51 JeaF 5 Bl o450 Eebel

% MR TR 225 AT R, FEABEIS] J P2 FH P, RT-PSO-BR AR5 N
4.05%, 1fii Bilby dynesty FAHX5%2= 4 3.38% , Bilby dynesty Bt EAFFE LT RT-PSO-BR %)
20%. FEEGALE | J1(ES EA Y, RT-PSO-BR X35 ZE 4 5.49% , Bilby dynesty [IFHXT
725 5.62%, RT-PSO-BR [T HkS 216 T Bilby dynesty 2 2%. [ [ Beem, wishi s
MR EG G WG T 5 EEAE| 1A S TR R E B, ULEAA  E A
KT & BT RBFHEFIE AL, Bilby dynesty YER GG | I A5 5 B P A 0%,
Il RT-PSO-BR £ A= H5 5i4k 5 | 71k 58 - p b AT BE S g I

% Wyl T RT-PSO-BR 15 Bilby dynesty 764 #5553 J130 535 Bk 5| Sy (55 sy
Match {E AR RN BARSE R . FERES S| J1i i E EMH, RT-PSO-BR 5 Bilby dynesty
PRI v AR B 22 570k 1 1070, eS| i e A+, RT-PSO-BR [ Match (B
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Kfift g RT-PSO-BR [ A JRy Bt (LR R B DA S 4N Bilby dynesty Jei /i, 4
SCHEH T RT-PSO-BR 5 Bilby dynesty &5 A 7% 74 9. %0774 6217 5K RT-PSO-
BR i 7 8] s A, Bl 55 RT-PSO-BR 452 1) +30% {5 [/ 4 Bilby dynesty 117250411
TR, AMA A RT-PSO-BR PR SR, 7] A3 i 4 /1N e 36 4075 ¥ Fi s 2> Bilby dynesty
TSR ]

BRI TG RAER BT MR S B S SR T P VT BB IR 4%
R, TEARESS] 1A 4, RT-PSO-BR 1143 R[H] >4 1108.43 7, Bilby dynesty 1154
] B 5 44T 5 842.49 &b, JAHA] 1950.92 #, A H.3 Hrhiy Bilby dynesty 401 T 547.67
Fb. 1EBSEAE ] S BdRA i, RT-PSO-BR 1 1} 940.38 5, Bilby dynesty {4 i}
[ 1873.89 Fb, Mm%y 2814.27 F, #it% U Bilby dynesty BAAZEF714 3115.35 FbJ5;
T 301.08 Bb. SCEGEELERW], FEH E NS EAE | T EAR AT, 45 A Bk
1247 Bilby dynesty HATI[A]L 4

EARBEL| I EEE >, RT-PSO-BR T (i 5] 4 R, A Bilby dynesty 4
LT RS Se T A 1T, AT {45 Bilby dynesty B [RI 4508 T 39.96% ., E#EHifL
S0 dE 4, RT-PSO-BR W RERA ARl i, 3:3dAL4: Bilby dynesty 155505
AW 2ZE, (ff Bilby dynesty {3755 IR] SE T3 . SRAF WML, S56 h RAEERAL
51 7B 7 A i S []4T3 1 Bilby dynesty BRMGZEAT I E 45T 9.66%, UER T4 &7
LA S

%5 RT-PSO-BR 5 Bilby dynesty &5& W&t ]

el Jiik BATIH] (s)
RT-PSO-BR 1108.43
Mo i M
ARIBET I8 Bilby dynesty 842.49
‘ _ RT-PSO-BR 940.38
BT Bilby dynesty 1873.89

3 QIR T 6 X R TS . it 53 AXT IR, 456 B kB
58] TSR AT DA B B B 1B 7 R AT s R B B R S RS e, 52
TEBBALE | FWEER T, 7E RT-PSO-BR |4 AR B (M4 BRI T, Bilby dynesty {571
DA i RT-PSO-BR 45 (i1 S50 4 1 1 FEl B 4 B I A S0 . (EAE A B 558 | 7B
AT, BRI T INBH oo AR B LSS RAOREOL , BSR4 Ay Bt
Bk

DAL SR, A SO A 4 0 ST A 008 RT-PSO-BR [ A3 O A 1)
S, IR T MBI S b . %0072 Bilby dynesty S MR 564 FLIE i 5/
FOETR A AT, AT 3o DL I BT ok P2 o SR TR e ) R 22512 M S B 1 T e
S SRIERE T WIS I GE & R ATEAETE— BT R A 1 A5
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4¢ 6 RT-PSO-BR 4 Bilby dynesty 5% 280k V- 45 1

B gy LER7S rMpe)  Mc(Mo) itc(s) ¢c(rad) 1 At(s)

- .. RT-PSO-BR 3100.0060 30.0965 7.5002 0.8286 0.0014 0.3906
REGGI B .
Bilby dynesty 3098.4604 30.0884 7.5000 0.8877 0.0011 0.4201

. .. RT-PSO-BR 3048.6079 30.1015 6.6479 0.7822 0.3466 0.9854
EHEASI .
Bilby dynesty 3091.3866 30.0950 7.5000 0.7840 0.33307 0.9854

6 Ziic5REYE

ARWFFEE RS RT-PSO-BR 5| A5 | 7 Hdis A éitlk, RGE T T RT-PSO-BR ¥£51 7]
WA AT U AT AT, R RIS | 1 R AT A R RE R EL, R TR
EETESE G5 | 1A o e i AT DA S s ek o B DU B oy s AL BRI AR 5 |
S E T R A R DT, 5] A RT-PSO-BR 43 BI% R B 655 | i Bie 5 8454k s | A
WEARAE SIS FHAAY N T3 4ES 80411, @it 5 Bilby dynesty LA T I, BFGE A
I RT-PSO-BR ZE/AHESE AT R Bt TR, A5 Bilby dynesty Al i1k
—3, HERPRaE a2 g . 7ERESS | g A, Bilby dynesty iz 7HT[E]
1403.25 F, 1fif RT-PSO-BR {{ 75 863.47 #b, #%a T 38.5%. FE&H b5 1 B /- s sk
W2 T Bilby dynesty [ 3115.35 #>, RT-PSO-BR {3 1085.29 Fb R ] 52 sk 6% ,
HEET 65% ., XULHITEAH RSB 4, RT-PSO-BR HKIEF TR 5 VA I ] 545, ik
H]T RT-PSO-BR TEiZ 4565 | T340 4 A 5 TR AT A P A 50

ffpie RT-PSO-BR 542 ) 3 A Jri EB8 E LA LA ) Bilby dynesty It 75247 i )1 4 17 i)
A, AP BR T RT-PSO-BR 5 Bilby dynesty Z5 & {L4b 5%, Hllifi i RT-PSO-BR Hi
PIBATE5 R0 £30% JEFH{E A Bilby dynesty F5eIanfa . %77 FH T RT-PSO-
BR T i 4E 556 40 7 R S R bE R BS IE ALF RT-PSO-BR [ 45 5 4E 4 Bilby dynesty
IR, ARG/ T Bilby dynesty (48R 250 LIRSS R BN, FEAREST | 1 s
SAFT, GE AR T3 b Bilby dynesty ERFIEIN 547.67 Fb, FERFREMNZY 39%, SR
TEEGALT I E A, GG AERERTE D 301.08 £, FREL 10%. Z5E LI RmE 4
T ESART | T AR AT S AR R SR ], RIS A RS AE = 4R S (R A E A . X
B AT a R, G BRI RS AT, RG0SR A SO T
RT-PSO-BR 2 5 [ A R i LRI B I, $m Tk n &t , [P AR T DL St
Wi T AL IR

A ARE AT TR AW I LS A DAL SRS 1 152 FH 9 7 SR
e SeRF T AT HERRT) . ISR . AT 2 SH05 1 AR SRR T, AR SE g R
RIS J I RS, (LS UANSE,  HARGE R R AR 2 DA SR 0 75 1 7 o 54 7
XA Ab 3 JE S RATRFT A + F1 x PR ) 58 B A, &5 G B REBRIES (a0
LIGO. LISA &%) iy sR%L, REe0 RT-PSO-BR (&M . UK R R E 4151 )
WBIEBM, WS4l TaylorT4 PASKMESR ) IMRPhenomD “Fi U . IRk, X4HiL

S
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ML T UG DU TG SIS BB, REERF IO RS WA,
SIHHER T ITAHO A RSB RIS Sk 14 1D, e

I £ 2 R AL R ] 5 EERIE T T PR L o IS0 T 0V LR R0 B
SRS BH, B OIS (T SN B2
RTINS, BELAE G428 D AU BERTAC. WS . BE% LVK 7B, LISA (Laser Interferometer
Space Antenna) (B, Atk 5 . K35 5 B 5| B ARO FEARTHALAIERN, 31 A10HE
R BLBCRISE A RS | VR0 45 A 3 5 2 A S0 T LA K
3 185 4 7 B9, 1 RT-PSO-BR Ay ML I P TAIESE ) 14688 SO A AT S o
BN

7 O W

AWFFAEAE T Soumya D. Mohanty 1 E#fH2 {1 PSO FEGIATRY, XLEAUH AT T 1F
Fefit 1 PSO fURSEEAfi LA W%@ﬁ%mmthmw\Eﬁﬁ%ﬁ%ﬁﬁﬁ%%%%
ATTAERRAT T IR B AR R G (ZR2024QA219) IS, FRU Bl K B ARl
(12503001), H[E 1L J5 81 A A SRR (BX20230104) By 5EH) .
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Search for Lensed Gravitational Wave Signals Using Ring-Structured

Particle Swarm Optimization with Boundary Reflection

ZHANG Meng', YU Weiging!, GUO Xiao*?

(1. Qufu Normal University, School of Cyberspace Security, Qufu, 273165; 2. Institute for Gravitational Wave
Astronomy, Henan Academy of Sciences, Zhengzhou 450046, 3. School of Fundamental Physics and Mathematical
Sciences, Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou, 310024)

Abstract: Since the commissioning of Advanced LIGO, gravitational wave detection technology has rapidly ad-
vanced, gradually increasing the possibility of detecting lensed gravitational wave events, which provide new ap-
proaches for cosmological and astrophysical research. To address the computationally expensive problem of tradi-
tional Bayesian inference methods in processing lensed gravitational wave events, we introduce Ring Topology Par-
ticle Swarm Optimization with Boundary Reflection (RT-PSO-BR) to the field of gravitational wave data analysis.
Based on binary black hole merger simulation data, we achieve efficient estimation of six-dimensional lens parame-
ters (r, M., t., ¢, I, A;) for the SIS lens model. Experimental results demonstrate that RT-PSO-BR achieves param-
eter estimation accuracy consistent with the nested sampling method based on Bayesian inference (Bilby dynesty),
while reducing the computational time per run by more than 30% compared to Bilby dynesty. To address the issue of
RT-PSO-BR being prone to local optima, we further propose and implement an optimization strategy that combines
RT-PSO-BR with Bilby dynesty. Experimental results show that in high-dimensional lensed gravitational wave data
analysis, this optimization strategy achieves high-precision parameter estimation, effectively avoiding the impact of
RT-PSO-BR falling into local optima, with an additional reduction of approximately 10% in overall computational
time.

Key words: Gravitational waves; Lensed gravitational waves; Particle swarm algorithm; Gravitational lensing
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