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Fig. 1. Fireworks algorithm overall flow.
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Fig. 2. Computing architecture.
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Fig. 3. Restructuring of data flow.
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Fig. 4. Magnetic fields at target points.
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27,
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Table 1.  Efficiency comparison experiment configuration.
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R, WIEsr &A% T GPU BT

* 2 IRITEI XTI

ST i3 3 X LSRRy iwsiia: ] Table 2. Breakdown of computational overhead based on
STHYHA 10 BEFAT BEFHTIT profiler analysis.
FEULB 36 P ZAIIL BARCEES BUAIL AL MALRCR
‘ Y /s 68.27  49.01 iﬁgﬁéﬁ%gﬁ
4.2 FEMAER \ B0 56.8%
AFUERR/s 1973 853 nperpemiiie)

WAL SEgeh, 3BT A R A — 3, B2
TEAERT A 220, FESChd] A h, ZBRT2EM 1 iz
138805, WA E N Ny = 100 F1 600 fU
fR. 15 B MATLAB M REFR AT 2%, 2040 1 58 AT
% T #EMT 1515.45 s (29 25 min), 12244 11X
15.9 s, W& 2R EoE H e, 1
BRI THZ 95 4%, X —Z5 IR T 40 4R
FITETH R BE ) L f R AR 2. I ELa a3 3
F 10 fe S5, R 2% 36 i i
Z0F T AP RE R S0KE B i — 25K, T ZRA4 TIT 19
FEAT R BRE B0 2. 3

FESLEA] B, FIH MATLAB P REHR £ 2%
Xif HAE TT RN 2R A TIT /%) 3 15 s [l 2R 47 1 R B 1)
BT, 2% 2 IR T WA AL 76 40 [R) ) 3R T (36 2
Nire = 2000, 3000 18) T FITEAFERT 73

eV R R, R TR TR
AR, (B2 TE B R R S A RS IR,
— ORI RE AR AT B I 935 N AR Skt
B 1AL Ge 400 v RO [ 4% 3 B0 8 B 25 2R B
HA VAN, ITTTED LR T4 T3 20 s AYAF[A].
FEX FHAb | AT R AR 5 T AL G B L R H
Wr, K GPU i BRI AR 40— ik B Bk 7

FERTI /D 35.1%
(HBRiEfH /GPUIFAT)
BCRIRTF1.534%

% 183 MATLAB #RAx #5710 5% R 5500 A iR
25 ABIMKAERTFAY, 0 T PEA SR e SEFRa
BB BLOR, AR, A
RN B BT T PR, S PRz 47t i
7N, BF TITAERT 74.2 s, AH AR T1(127.0 s) 850K
PETZY 171 A% EE E TR AU Y 153 £,
5 AT A DR R B BT 11 22 Wl £ T /N
TRl B i) P A A R, BEAS
TG R SR R

HAb# 585 /s 8315  53.97

SBTTFERT /s 171.15 11151

4.3 WIBERSH

TESIGA A 552804 B v, ABFSE 2 5R H
BrEENT 10 4E (fRIfLFCE) 36 2 (EARCE)
Wl S (AR EAT T SR AR TR 10 45 36 22 ]
W Bt T AR S Ak R ) 23 ) P R S B
2o 10 485 36 ZE M4 HIARAS T 872.7 Al
13.2 AE N BE, XTI 6 SR T HE AT B4
Hhne 3 FF 4 .
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Table 3. Simplified configuration of six magnetic dipoles.

MR TS X B /(10° A-m?) Y RERE/(10° A m?)  ZBEE/(10° A- m?) X 445 /m Y AbR/m Z AhR/m
1 11.4949312 0 0 ~37.6155052 0 0
2 22.0334396 0 0 ~11.8904886 0 0
3 34.8103027 0 0 22.7695923 0 0
4 0 14 0 0 0 0
5 0 0 11.3278828 22.3709469 0 0
6 0 0 17.8398228 12.6049738 0 0
T R 68.3386735 14 29.1677056
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R4 6 DREM T AT E
Table 4. Specific configuration of six magnetic dipoles.
W TS X RBERE/(10° A m?) Y RERE/(10° A-m?)  ZHERE/(10° A-m?) X AFR/m Y AbR/m  Z HeBR/m
1 12.21241 3.350708 4.039157 33.82549 0.630909 0.872682
2 4.692219 8.95x107° 3.445779 39.87365 7.616815 —17.4673
3 10.87356 0.002031 7.164685 —28.6978 3.799183 -2.73124
4 28.84444 1.33878 1.499079 -19.5368 —6.44039 —6.08975
5 7.642719 1.819624 2.903831 17.58492 -20.5929 1.308409
6 3.783916 7.316646 9.748021 17.50504 0.041469 5.465942
G SN 68.04926 13.82788 28.80055
(a) (b) //\ B/nT
— 100
200
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Fig. 5. Model layout and spatial magnetic field.
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Fig. 6. Comparison of magnetic field errors at target points.
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Fig. 7. Comparison of magnetic field component fitting at target points.
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Fig. 8. Comparison of magnetic field errors at target points in robustness test.
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Fig. 9. Comparison of magnetic field errors at target points in anti-noise test.
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Table 5.  Ablation experiment configuration.
AR B TS, ERORNE SRR
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Fig. 10. Ablation experiments with guided Gaussian mutations.
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Fig. 11. Ablation experiments with tournament selection strategies.
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Fig. 12. Ablation experiments with sampling strategies.
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Table 6. Modeling results under noise.

Miks  BmEhEm X X X Z Z Z SLIAL S
VAN 12 4 -10 17 -12 11
15 . 8369.5
RN 2434.15 2708.87 3426.71 2790.25 987.71 ~1364.02 -594.17
VA= 12.49 3.57 -13.64 18.89 -16.48 4.04
25 ) 6498.4
RN 2595.13 3922.03 3738.63 1842.91 873.60 ~1054.60 ~725.91
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Abstract

To address the high-dimensional, multi-peak, and nonlinear characteristics of magnetic field inversion in
ship equivalent source modeling, as well as the substantial computational burden involved, this paper proposes
a full-resident matrix-based enhanced fireworks algorithm (FRM-EFWA), aiming to enhance global search
capability and significantly improve computational efficiency. In terms of the search mechanism, the algorithm
integrates guided Gaussian mutation, tournament selection, and a sampling-without-replacement strategy into
the enhanced fireworks algorithm (EFWA) framework, achieving an adaptive balance between large-scale
exploration and fine-grained exploitation, thereby effectively improving the ability to approach the global
optimum. Ablation experiments confirm the actual contribution of each operator improvement to the overall
performance enhancement. In terms of the computing architecture, drawing on matrix evolutionary computation
(MEC), all individuals in the population are mapped into a flat and compact unified high-dimensional tensor,
with the entire iterative computation driven in a matrix-based parallel manner. By adopting branchless logic
control, the entire algorithmic workflow is executed in a closed loop within GPU memory, with only
initialization and final result output involving CPU interaction, thereby substantially increasing both search
and computational efficiency. Magnetic dipole array inversion experiments for equivalent magnetic sources show
that, compared with traditional CPU-scheduled GPU architectures, the computational efficiency of the
proposed algorithm is improved by approximately 95 times, and by about 1.71 times compared with mainstream
CPU-GPU cooperative architectures. For the 36-dimensional magnetic dipole array model, the average relative
error of the reconstructed magnetic field at observation points is as low as 0.19%, with an average absolute
error of 0.53 nT. In the anti-abnormal-data test, the algorithm can accurately locate faulty sampling points; in
the anti-noise test, the reconstruction error remains at the noise-floor level. Magnetic field inversion of the
electrical source model further confirms that, without the aid of dimensionality reduction strategies, the
proposed method possesses the optimization capability to directly lock onto the global optimum within the
wide-area search space. This paper provides an efficient algorithmic solution for the high-fidelity and rapid
inversion of complex ship magnetic fields.

Keywords: fireworks algorithm, ship magnetic field inversion, equivalent magnetic source model, fully matrix

evolutionary computation, GPU full-resident
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