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rithm, DOA)"™ | 5 a1 {f fk 5 7% (whale optimization
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DAk Tl 8B A 9 1 5 4 77 o SCHR [17] F0SCHR [18]
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perceptron, MLP) 15 FNN 45 &, $2 3% T 86 B~ [%
(1) MIFNN; #E 177, $2 57 SR fi# v 2 PG 1k 7] R ) el sk
Y R4 18 R B 7% (improved sparrow search algorithm,
ISSA), Jf-H HJH T MIFNN 19458 £ 4k .
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K1 MIFNN 45 7R
Fig. 1 Schematic diagram of MIFNN structure
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FNN "S85 1 R M & oo i, 4
FH A wi 2R PEAL A AR5 Hod s, B

Yy =S whmy ) (3)
i=1
4) i 5 4 it By 2K HE B FNN (% 11 2 h 4%
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y,-(t+1)={ y,»(t)exp(—j) R<G
yi(t)+ QL R>G
e T fe KOmE ] 25 K5 a F1R 3 5] o X T
(0,17 b By BEHLECA BUE A G %2 E; QO IR
e E S A AR LML KN 7 L AT R R
1 i) D 4] & .

X(o) R T B 80% IR 42 K4 U A & BB Z(0),
AT i BIALE N 20, B [21 (1), 22(0), -+ s zip(D)], AL
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3) KT Q. B Ay B B ML PE B 2% 5
M SSA 1) FARRCR AR, FE SSA &) THiA Sk
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PR A RTE SR 2SR A AR, 25 50 IR B 42
TR 2 RE v R 1T ST Cat TR B 4
P BT 2R, FLAE [0,1] 8] 7 Az YR 30 P 51 4 A 2 51,
e Bh X 1) = A IR 751

qn+1 _ 1 1 qn
{ Vue } - { 12 } { v } mod 1
A mod 1 FARRIZTAF; ¢, My, R 0 F] 1 Z[H]
R BERLEL ., P, 28 m X (22) A R iR A AR

1<j<D

(21)

X =1+k;(u;—1) (22)
2 g 1, 43590 g O A 90 R0 6016 26 6 e P A
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B FRRE X(0) 1 MU SR B, ) F 4 3R AL FE
Y Al R 4 R 2 I R AR U B A0
i, I BB SR 3 AN, A % B 0 R
(38 B, A B TR R A R A Sy . Bk T
=, X0 BB 2 (23) B

N, = |rN] (23)
A |- RO R U O R IE TR R Y o5
M, Hoh a 24) B2

r=025+03 (l—tan%) (24)
Y(r) R MUASE e 5 (25) Wi -

N,=N-N, (25)

3) FLMEL K F: 0. pHlyS T 2B SSA
R JE R A R & KT
K, BE T kWA w A, (BN SGE E 185 )
2 B R JR R I R T 5, W SIH BE R . S AL
7 v AE D A T) RK f 15 E T 09 506 BT i R4 R
R, TR Q. AL yBE ¢ B3R A S I b AR LR P
e, B

co2(1-1)) r (2( 1)
o2 1)) ren (2( 1)

B=(fe— f)sin <nexp (—%tan (%)2))
Hrb, vy 5 gy BUEAATE
222 Fikiik

ISSA LR INT

BT BWASEC MBREL N, 455 D, i K
WARE T, KA G

B2 H 1 KGR QD AE(22) W) iR 1k
JER 6 b HE X(o), 38 0B i L B AR M e AR
x, Ml x5

T3 Lm23) M) IHF LIMHE . N
ABEFRER B N, & N

BB A X0 T IE B N, A AR
Y(0), HAR ARG 1 Z(0);

TS Qe AKX Q) IHIELEL KK
T 0. B Ry;

£Be 2 (18) HHFEE Y(0);

BT LX) FHFEE 205

HIE 8 M X(o) b B AL B 20% A 1R 44 5
P(2), H-H5X (20) EH P(o);

FE]Y V(UZ(0)UP) & N E B R 9 N A
AN R X(e+1), BB x, F x5

S0 H r—1+1; 5 ¢ <T, WK 7125 B 45 7
[URERY IER s

ISSA 115 52 4% 2 26 9 6~ 25 4 8
o ME—DERIN, BB 6 JLPAT 2N, DN, K
BARIZBE; B 7 ILIBEIT SND+N, K B 8 Hhiz
1T 0.2N+0.8ND IK%; Rk, L8 6~ 9% 8 AT HRIRECH
3ND +1.2N+2.8ND. T+ N, F 045N~ 0.75N Z
], B, ISSA MY T35 55 2% i 3 28 A ERLASE IV
Mo Ak 9] A 4 D P SE o

3 HESW

7E it ' & Windows10 (CPU/3.7 GHz, RAM/4.0
GB)/MATLAB 2018 FF 58 T JR FF 8 {H 50 50 . 15,
i B B 5 5w 4 ) (9 T i3 & X B AL A AR BRI
P 4 ] A, G TSSA SR fige e 24 R BSCOE Ak [ 25 17
PERE; Hok, DA IR s 4 R 9], i MGD-MIFNN
FIHEF ISSA 11 MIFNN b # 55 4f8 4324 [n] 380 11 1 7 5
e Je, M MIFNN f 25 44 78 16 X 8548 43 25 1k g 1Y)
AU
3.1 ISSA By &EEMIK

55 ISSA L i 8 1k A1 35 SSAM | HHO 8kt

0= (26)
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L A0 M DOAM K WOAM X B Y 2 8
T R R RS R 5 3k AR B A S8 U 1 A I SR 5
B A5 Bk BRI ORE BLASE R 100, e Rk AR IR BCh
100; ISSA (44 {H G B 0.8, IR ZE 19 €0 4% 8 Fh A
A AR 3 o oA B b ) P~ B, o P~
F, PG R AL, Fo~Fy S8 KRR R i i ny &
U {8 oK K5 B A 3 ) B4 4 X BCR 2 000, 4] I,
F\~Fy e 4 1 B | 22 04 R 40, HOAH I 1 £ Ak
[¥) 51 A o A R B AR TR R, o T T 2 451,
PRI ST E 1T 25 K, FUKE A H 3R5 0 25 4
I HARME M8 p Y057 22 o T RZE N LK
Mr, ane 1 M3 2 ioR; DL F,. F,. Fy. Fy I, 858
R AL I 2 R .

2o 3R 1 FER 2 34 {E PT 1, DOA il WOA K

i LA 1 8 A 2 1 4 BB S A I 4 F HA R,
IFi) B 3 HP A 2 7 22 (6, WOA SR it 2RS4 1k
[55) 5451 F149 i KR i 559 5 HHO 22035 R0 AO B vE7E 3575
14 A o3 i A R BCR R E M T Rk B8 T
SSA, F. SSA I AO & 1 ¥ R g 45 %3k fit Fy; SSA
BA—EWIEH . 7ok, ISSA E M TR i L b 4%
I3 7], AR S R SR i o~ F 3R A B0 it I ek A B
Ao PRI, MR HOA R ISSA SR i e 44 4k n) 5
HA RS 2 w5, A T X Rk, ISSA
FE ) 1 5 20 68 7= A 22 FE HL R AU I A, 2% B
Cat TR Tl LS BB 14 SR A7) 4 T REE 114 25 A0 M AR 00 A7 11 2
S5 ISSA FMSCSIGH R FLARAS ) ik R RS 182 s, L add
BAE L M0 K B4R TH SRR, BRI AR 30
AR B T8 5k 0 42 R R 5 JR s il 66 7

F1 BEAMITIET 25 KERENGEHER (F~F)
Table 1 Statistical results acquired by each algorithm after 25 runs per example( F,-F,)

3 “ ’
Sk F, F, F, F, F, F, F, F,
SSA 2.47x10 3.20x10"' 5.14x10™ 1.80x107° 1.91x107" 551 x10" 1.10x10°° 1.60x107°
HHO 6.45x10"' 7.44x10° 1.26 x10™" 5.79x10* 258 10" 9.25x10° 122 x10™ 5.52x10°*
AO 7.07x10" 7.05x10° 2.96x107 3.04x107* 1.24 x10™" 1.68x10 4.57x107 3.42x10™
DOA 7.50x10"" 2.00x10° 4.97x10° 1.90x107° 1.46x10°* 5.80x10° 1.30 x10° 2.50x107°
WOA 7.50x10”" 1.99x10° 1.56x10° 1.49x107 1.49x10°° 1.74x10° 4.02x10 1.67x107
ISSA 2.17x107* 6.90x10™* 9.43x10°° 6.35x10™* 8.19x10™* 2.80x107° 3.66x107° 5.99x10™*
FT2 BEFRMIMIEIT 2 RERENFITER (F~F)
Table 2 Statistical results acquired by each algorithm after 25 runs per example( F-F,)
N H 4
Sk F, F, F, F, F. F, F, F,
SSA -2.10x10° 6.72x107 1.91x107* 1.55x107 2.30x10* 1.16x10°° 1.98x107* 527x107
HHO -8.31x10° 1.32x10°° 1.42x107 5.40x10° 3.46x10* 2.12x107° 1.34x107° 9.10x10°
AO -1.28x10° 5.33x10° 1.77x107 2.15%10 3.76x10" 9.32x10°° 421x10° 1.23x10
DOA -4.68x10* 1.17x10° 2.00x10° 4.53%10 7.49x10° 6.90x107 5.30x107 2.05x10°
WOA —6.75%10° 1.17x10™ 7.76x10 1.05%10 1.18x10° 4.34x107 2.28x10 9.39x10°
ISSA -8.38x10° 1.03x10°° 6.26x10° 7.22x10° 2.59x107 2.58x10°° 1.87x10°7° 1.25x107"
32 BUESK 3.2.1 MIFNN &4 A& 4 2K 4k X

BT IR UCTHCHE 5 b 11 20 B R L 5L
I S AE g B dl 4 26 & 49, BRI Iris, Wine, Haberman,
Hayes. Immunotherapy. Cryotherapy. Heart, Breast-
Cancer, Transfusion, Audit #1 Banknote, % %% 4
(10 Ja A A A 2 R SIS i) SR Y T e IR
4 [4,150,3]. [13,178,3]. [3,306.2]. [5,132,3]. [7,90,2].
[6,90.2]. [12,299.2]. [9,116,2]. [4,748.2]. [17,773.2]
1 [4,1372,2] TR EUEE PEEHLAIIR 70% HIAE
(I N R , AR 44 il 304

R DAL 4 2 R AT R TR EE R B 9 MGD-
MIFNN Al ISSA fi) MIFNN(fij ic fF ISSA-MIFNN)
SEFR DL EREA B M RE, — D7 T B I 4 Fh &
Mg 22 W 4% (BPNN, ELM, RBF, WNN)Z 5 MGD-
MIFNN M PERE L8 ) — i, F DL 2 5 Hany
5 PR RO A B AE L 5 40 2R R AR -4k MIFNN
) e A ASULEL A0 (B9 (L, i b A B9 3809 oA X-MIFNN, 7£
It X &4 SSA, HHO, AO, DOA, WOA &, ISSA.

MIFNN 5 BP ¥ & 2 MR &2, 4 A 1.
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Fig. 2 Average search curves of algorithms

552 BREE5 0 15 AR S ASPRETT, Rl MIFNN
BT 2SR 2o 8L 15 H MLP
B A 2B 200k 55 ELM., RBF 5 WNN YU
TIANRRE R, &I B8O 20; BE B TR
4 3] 3R 0.08, Bl K F A 0.05, IF 2 M BT oR R
A tanh PRIERL, 9 28 I 25 00 5 R 2R AR Bl 300, 53
41, ISSA-MIFNN, SSA-MIFNN, HHO-MIFNN, AO-
MIFNN, DOA-MIFNN & WOA-MIFNN ) ff fif K/
B 30, 9 45 A AN(ELFR 18 {E BT 7E X 8] 2 [-10,10],
HASHo B o SHETHE TR, Baeliibny
P22 0 2 2R 45 10 I 40 2 TE A 238 TrAce B s 43
J5 WE B % TeAce 4 Jl 40 & 3R 4R . LU
Haberman, Immunotherapy . Cryotherapy I Transfusion
A, 2 P2 I 2 1 450 R oR B A2 A ith 2 18] 3
B o

ty % 3 i13& 4 n] 1, MGD-MIFNN 4 BP, ELM,
RBF. WNN A ko, Hook Horfr 9 Fho8odis 46 19l 254328
PERESR LS, FL I 8 Al 48 iy vk g 2o W
WARH . SR, HoAth b2 2% 2 225K fif 3 FhACHE 4
B 432 0] B 3, PRI, MGD-MIFNN f4 £ $4
WG, HLE FHYE I3 . /9 MGD-MIFNN & Ji#

B P e, {3 K 7 i 40 Wine, Immunotherapy .,
Transfusion %5 432 [n] {84 I 20 28 06 FE B R 0,
FR VR TE T 3l 2 70 5 AN BB 56 4 B B T o 72 152 B I
N Je 48 2 ) TR S5, 1 TS O R S 114 4 T
PG B R BLAG -

5 MGD-MIFNN # H., ISSA-MIFNN 7£ i 4 4
B9 Y 2k 43 25 ME W 2 J5 1, % F Haberman, Heart,
Transfusion 4328 [7] 81 1) Yl 25 43 S KG B 15 51 2 3% 41
Ft, H = F X} F Immunotherapy. Audit i Il 5 43 2%
HE B R 24 100%., ISSA-MIFNN . MGD-MIFNN
A o 2R B A B M AR T, ELXE T 8 A
B, HAT I 53 28 HE A R 3R AR, UK i K di
4 Banknote Il i £ 7K 15 (14 W0 32X 2 25 o o o 4 T
1.95%.

Hy AT, ISSA BEAA 8% MIFNN 1 £ 45 55
ZPERE, H ISSA-MIFNN REAT 2 A1k MGD-MIFNN
LR A B A . ISSA-MIENN 5 1) F Ho A 3
T REILAL 1 MIFNN A1 L, 5080 4325 6 11 #5008,
Mz A fe o . BAT e SR A o 4k 08 Ak n) 1
ISSA A B T4 FHp 2 I 28 19 3 S5 M o i & 3 1]
i1, MGD-MIFNN P 8 2 3 B e, e SIOkS B v, (B4
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BT B 55 B JR i 48 2R R S, LA S ) 3 3t
55 4 Jay F R A B ), Rl DR b AR A5 55 Sy AR 43
KRR . HET SSA., HHO, AO J WOA ) MIFNN

Sy B A Jm #48 %, R 48 &R T 518 ; DOA-
MIFNN (19 050 S5 B e, fHL 3 A5 1) B804 43 25 3R AN
FEAH . Hy 0t AT A1, ISSA-MIFNN GE A R 4 5 5
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Hdi 325 he Iy

R3 BWEMLZNINED SERELLR

Table 3 Comparison of training classification accuracy of neutral networks %
W e
Iris Wine Haberman Hayes Immunotherapy Cryotherapy Heart BreastCancer Transfusion Audit Banknote
MGD-MIFNN 100 100 81.30 100 100 100 85.17 100 67.50 100 74.27
BPNN 95.24 95.16 73.36 70.65 80.65 93.55 75.42 88.89 72.08 100 100
ELM 98.10 100 74.77 64.13 85.48 96.77 84.69 90.12 74.95 100 100
RBF 95.24 9597 73.36 64.13 82.26 80.65 68.42 82.72 77.44 46.03 91.35
WNN 9524 99.19 78.50 77.17 96.77 98.39 83.73 88.89 67.50 100 99.48
SSA-MIFNN 100 89.52 78.50 86.96 95.16 98.39 74.64 97.53 82.22 100 70.83
HHO-MIFNN  93.33  79.30 74.30 90.22 96.77 95.16 78.95 88.89 77.44 100 56.15
AO-MIFNN 96.19  87.10 82.71 90.22 95.16 93.55 77.51 91.36 74.28 100 66.15
DOA-MIFNN 100 100 83.18 98.91 100 100 86.6 100 86.23 100 70.52
WOA-MIFNN 100 91.13 80.84 94.57 98.39 100 83.73 86.42 84.32 100 67.71
ISSA-MIFNN  99.05  98.39 86.45 97.83 100 98.39 87.08 95.06 87.95 100 73.13
R4 HWMERENIR 5 ERHIRLLR
Table 4 Comparison of test classification accuracy of neutral networks %
W B
Iris Wine Haberman Hayes Immunotherapy Cryotherapy Heart BreastCancer Transfusion Audit Banknote
MGD-MIFNN 100 87.04 82.60 82.50 71.43 89.29 85.56 82.86 48.00 100 56.55
BPNN 100 92.59 79.35 42.50 75.00 85.71 83.33 71.43 76.00 100 100
ELM 100 96.30 77.17 65.00 82.14 89.29 81.11 82.86 78.22 99.14 100
RBF 100  87.04 77.17 67.50 75.00 82.14 81.11 68.57 78.67 71.12 92.96
WNN 100 88.89 71.74 52.50 42.86 82.14 76.67 62.86 70.22 100 98.54
SSA-MIFNN 100 7778 80.43 80.00 75.00 92.86 82.22 78.57 76.00 99.57 57.04
HHO-MIFNN 100 68.52 84.87 85.00 78.57 92.86 87.78 68.57 76.89 99.14 56.80
AO-MIFNN 9778 83.33 80.43 80.00 78.57 85.71 75.56 64.19 80.44 99.14 55.34
DOA-MIFNN  97.78  88.89 83.70 77.50 82.14 96.43 85.56 82.86 73.78 100 56.07
WOA-MIFNN  97.78  68.52 81.52 75.00 75.00 96.43 78.89 65.71 76.00 100 57.04
ISSA-MIFNN 100 96.30 85.78 90.00 89.29 100 91.11 85.71 80.89 100 58.50

3.2.2 MIFNN #9 25 #) AL AT 4 R AR 69 % v

W MIFNN Y MLP 126 1, 28 2 [ & )2 11
P28 T A FOR B 25 44 [n] 1 [10,5]. [15,10] 5%
[20,15]c HFPiEE R HMSHOLE AL, UL Transfusion
1 Banknote A ], £5 #1225 N 265 3R A% A I 25 . 03K 5
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K 12.24% F1 10.67%, ‘FEURIUG G ; #5401
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B 43 2 WE R R B 0.21%, (EAEINIR 4 | 1Y 432 vfis
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Fig. 3 Loss function variation curves of neural networks

x5 BHENMFZEFEMEEL TS LEBHELR
Table S Comparison of neural networks’ classification accuracy rates based on different network structures %
TrAcc TeAcc
M2 Transfusion Banknote Transfusion Banknote

[10,5] [20,15] [10,5] [20,15] [10,5] [20,15] [10,5] [20,15]

MGD-MIFNN 55.26 86.81 72.25 77.50 37.33 61.33 56.31 54.13
SSA-MIFNN 81.26 80.88 72.19 76.56 75.56 78.22 56.31 52.67
HHO-MIFNN 81.07 74.19 58.13 70.63 76.44 79.11 56.80 55.83
AO-MIFNN 79.35 73.80 69.17 57.40 75.56 76.89 56.55 57.28
DOA-MIFNN 80.88 87.38 73.33 73.85 76.00 74.22 56.80 57.52
WOA-MIFNN 80.31 83.37 73.75 71.04 75.56 77.33 53.16 59.47
ISSA-MIFNN 82.79 87.57 72.25 77.50 76.44 79.11 57.28 58.50
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Multi-input Fourier neural network and its sparrow search optimization
LI Liangliang, ZHANG Zhuhong , ZHANG Yongdan

(Guizhou Provincial Characteristic Key Laboratory of System Optimization and Scientific Computation, College of Big Data and Information
Engineering, Guizhou University, Guiyang 550025, China)

Abstract: In engineering applications, the back-propagation (BP) neural network often encounters many
limitations due to its slow convergence and high noise sensitivity, and the reported Fourier neural networks cannot
extract the features of multi-attribute input data. Hereby, this work proposes a gradient descent-based multi-input
Fourier neural network after integrating the multi-layer perceptron with an overlapping Fourier neural network. Then
to address the difficulty in deciding the global optimal parameter settings, the Cat chaotic map and the mechanisms of
population-size adjustment and parameter adaptiveness are designed to promote the sparrow search algorithm’s ability
to balance global exploration and local exploitation. An improved sparrow search algorithm is thus developed,
optimizing the parameter settings and solving high dimensional function optimization problems. The theoretical
analysis shows that the improved algorithm’s computational complexity is decided by its population size and the
optimization problem dimension. Numerically comparative experiments have validated that the acquired Fourier
neural network can effectively extract the features of multi-attribute data with strong generalization ability, and that
the improved algorithm has significant advantages in coping with high dimensional function optimization problems.

Keywords: Fourier neural network; multi-layer perceptron; sparrow search; high dimensional function

optimization; multi-attribute classification
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