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Abstract

The radial basis function (RBF) interpolation is applied to the solution of the nonlinear integral
equation. In this paper, the multiquadric (MQ) function with excellent interpolation performance
in RBF is selected. First, the function to be solved is expressed as a linear combination of RBF, and
then the equation is discretized into a non-linear square by collocation method. The approximate
expression of the function to be solved is given after the weight coefficients obtained. Solving non-
linear integral equation based on MQ function interpolation can obtain higher accuracy with fewer
nodes, which can be extended to high-dimensional integral equation. In this paper, we prove the
existence and uniqueness of MQ basis function interpolation problem, and analyse the interpola-
tion basis function of constructing non-linear function of MQ function by numerical examples, and
obtain the ideal approximation effect and result.
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V22 Rh 2 TRE 1) ) A A A B R R T VA 5 D R 0 T R KSR AR 1P L. AR T340 T R, AR 5 REfE
PR MEAILEE BB SR — T, HEBEA T SR R R S N THUE Ry, R 25
P ERE BB . R TR — OB AN

S (P)=pu[ k(P.O)F[ f(Q)]d0+g(P), P,0cQ (1)

K, g(P) NAWMIL k(P,Q) WK, F[f(0)] MREBINCENZEK, QMRS XE, u AT
K. AR F ()] Mo MR MEAARRIERZE, AR BSR4y Fredholm Ml Volterra 251
NIRRT RN MBUE A B R € RECET . BEEUERFE. 1BDE 7 UL o R e
Pan A NPUR PN 27 R

BEAE AR T RR IR, AR 28T 1R IR IE 0 5l NFV 7 FR I AME SR b, an T 0735 B skt
454 Haar /NEBRBOR IR EE — 8261 Fredholm J5#2(1], HI Haar /NEITVER AR —4E[ 2180 —4E[3]AF &t T7
T v 0, AR TSR ZE AR K ) Daubechie /N 45 AN 42 75 10 KSR Al 55 — 2Rk Volterra 72 (7]
[4]; BRI Sine RS B SR —4E 55— RA L[S AMAEZME Fredholm J7RE[6]: B IE R BRIk v b5 25
SRAFEER— Volterra B3 J7FE([ 7], oSN FH Bkt ek KRN 22 8 280 25 -6 SRARAE S Fredholm-Volterra J5 %2
[8]; SiF Chebyshev At B iR —AEZEPE T FE IR RR[9], BN H Bk %R % — 4 Fredholm-Volterra [10]
DA 22 i A7 925 11 PR R A LA 6 A% R 21 35— 28 Fredholm ARy Rl E{E K Al 7 2 R H
T HHEIE . Chebyshev 2 Tixal /N s A0S, H T 2 TR B2 0] (ORI 50, 55 3 eddi (i ROR AR
s SRR/ N R AR R ZE A R, ELPE 4k S 22 4 il b 3 DA HH A @ e S R . Rk, 7R
Pl AR P i ELIE B 22 4 1) R 6 R 2

1% I 35 bR $i (radial basis function, RBF)EAILE 1968 4 1 Hardy 7F HuJ% 2% FR 4 HH 538 H T % 4 i Bis
FE, T A A O BURR FLAR (RO B s, DRITI7E 22 JCAG B A5 20 2 IR [ 12]. 1990 47, Kansa [13]
UK RBF N T35 77 FR KR A R 3 A0 T il — 2R C s B TE 7%, H T RBF ffi{E 3R O
BN — NS, A0 RBF 755 2R A FR 00K, 52T RBF fEET FHE, 42
RBF K — AR AR 7 RE I 750, 6t T HBUE B HIE 5 FHAREUE g AT X L, 133 T S i
AR
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2. £T RBF F{ESHNEEXEA
2.1. RBF fR{E[REE
SEHE 2.1 (14] WHH © BRI lim @ (r) =0, M TAELI A {x, f (v, )] e ROR, il A7

WE— fiff 78 EE R AR R @ (x (”x —xk") EE%%EIE
XA R A TS x, SR O (x (||x||) I HAR W Z B B00] B Fourier 143 3K 7
=J.\R,e YO (t)de s 2 x, FREAE H A/Téﬁilﬁ A

kz A, 2,0 () = [R,‘z/a,je’”’ d(¢)de ®)
Jsk=1 J

ERBEH 2L MERPMARIM A x, (j=12,-,n) , RFSEGEEAAERE RAZEZA: BEO(x) 1
Fourier “Z#t & (¢) JLFAbAbAF 61, HZ DA EMREE ERTE. JRFREE O (x) A2 R _EHIE
R —RAERH D, (x)=0(|) (x e R ) REM R LIIEERE, FHFARS
®,., () = O () (x € R ) RAI R L M0TERE WAL TR IR g R, B o)) e
22 a) AR R IR RE A o

S 2.2 (14] Wy () =D(r) B D(|.]) WHERZIHBIEE MF Ky (r) RS2 RIRRAL, 0:

(1) w(r)eC[0,];

() y(r)eC”[0,];

3) (-1 w* (r)>0,r>0,k=0,1,2,-

b @ PR E] 40, Gauss BRI IMQ B iﬁfﬁ%é’% (] HR & 1E 52 BRAL, 11 MQ BRI BRI AR A 25 AN AR,
ATLMIERT, MQ RS HRFE 2R 0T 3 Fourier 28 K T-%, (HRRHAE G AT, IR R E0y
m, FHHERLY" Ax0 =0(VB|B|<m)RBA, (j=12,.n)H

=175
Zil@("xk X, ") R,Zle

X D (x) = D(||x]) ERBAFRI m W A IEE BB X m I AFIEE BB D] ||)(xe‘.Rl) **%Eﬁi(xf)
Tk Wﬂﬁiﬁ%%ﬁﬁi
Ar’(llexkll) ()

(«) 0

J

®(¢)dt>0 3

JB

A, BRI, AR A R R AR LA 4 m%l?}.?{xj f(xj)}:eiﬁ’@‘ﬁ, TR R E

x)=zn:ajcb("x—xj")+z bﬂxp €))
= B<m
i 2
F(x)=/"(x).k=12,,n (5)

2.2. EF RBF {RENXHEEERTE

RBF 2 UK T PR r = "x—xj" fIBRHL, 75 2 B RBF B X, B AR 25 B @ (r) = Inr
TR O (r) = e . Hardy 2 H #0228 — /X #H T (multi-quadric, MQ)RR %K £ Fl'X 7 K155 . Franke
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7 1982 FFEH T MQ J5iE2 i Gk e a Rt s ALy, R ASCE - MQ 1R A E %, H
W R AN

O (x)= ||x—c||2 +a’ (6)
At e IR EF L, o BOABIRSE. FIEPIRAAN:
Step 1: ¥ RBF UM Ll ¢, BIRSH a(ae(0,1]), MEM X, . m=12N;
Step 2: X455 i1 — L HE 2 (x,,. £ (x,,)) - HI RBF 4384 i o6 44

F(5)=340,(x) = 22430 ) +a ™

Step 3: FHGHE SN, 5

£(5) =340, (5,) = X 4(5, e )+ ®
SRR
[@,][4]=[£] ©)
KAL) =[ (05 £ (5 )orees £ ()| L M 2R, [ 2] = [ s Ay [P IEEE REL [0, ]9
IS
Step 4: JEMELEHER YO, =\(x, —c,) +a® . KIRORE
[A]=[®,]"[1] (10)
Step 5: 3% f(x) I RBF (@I 20
f(x)=[e)][2]=[@®)][e,] 1] (11)

3. Multi-Quadric E¥IHENFEMSHE—H
FESL 3.1 [15] MQ B BT A 1) B0 T4 (02 TEMGELEE (x, /)| ox, e W, j =12, 0n o R
0 (x) = (o + [ ) (8>0) WTREN RS @ (x—x,)} . FHA:

§(x) =27, @ (|-
ORI B S (x) , ELAEFCH 2 Al

S(xk)zi/zjcp("xk —x)|) = fik=1,2,m
=

GlEE 3.2 [16] # MQ i ® fER FiEL:, H liilgo®(r) =0, IAXT n ICHI MQ Fbf EHH H i
A SR E M — P01 75 B 0 R BRI @ = (|, — x| ) 2 TE AR «

EH 3.3 MQHH @R - RBELLN, Hlimd(r)=0, WAXT n JUH MQ 2B {E 1 L A7
FEME—fif

WEWT: X T d 76 Gauss BB e P = (20)" [e0e 1 d0 , M TARRBIBARF Y x, A2 REH 2, ,
H

02 2
A | el do>0

Zziiﬂke’“"i”‘k“ :(2n)d/2J‘
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K Gauss B2 IEE /.
Eﬁ%ﬁﬁﬁa”@—Jw”ﬂ%e,E%#%ﬂﬁ@ﬁ%ﬁﬁomGw$%ﬁ%E%ﬁﬂﬂ,ﬁ

TARENEM A, # YA, =0 KA

Zﬂyﬂk J‘: o [1 3 e—a(a2+xz))d9

=D A4 (a2 +||xk —xj”2 )I/2 J': g ? (1—e"9)d6’

=152 (@ 4l )

<0
Hrbon R IEREL A

S (e s [) <o
&%ﬁﬁMQ@ﬁ%im%#ﬁi%,%Zﬂﬁﬁﬁﬁﬁ@(aﬁﬂnﬁwq FOA 0 1 MEER
Jok
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Saa(e oy s ) =fe ol s f) >0
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4. BUESLW R S 4h

A2 1) 25 R BUE BB B I TS A )2 L, AR5 23438 [k o B3 (L AE B AR R O R P IR
X BV H MQ JEBR B0 B £ (x) = cos (2mx) i, Horh x e[0,1],a €(0,1] .
IR @ (x) =x? + o BEATIEME, TR 1E R

L(¥)=3a®,(x). (12)
i3
L(x,‘):Zajd)j(xk):Zaj(xj—xk):f(xk) (13)

MEE13), RO T R a, 10— TAEF RN RRA, BT REUERE
O (x, —x, ) =f@® +(x, =3, ) (k= 0L, N3 j =01, N) A3 5, Mol r FRAVEME R, T Ribia,, RN
(12)3VE 5 L(x), HTRIHERE. FHAH TIREL | RRAEEL 1, K 2.

TERUB RN, ASCEFR T f (x) = cos(2my) JRREIT B MGHIATHUE S . FEF MQ 42 1 3 B $i
i, AERRET S N=6,a =0.8;N=11,a=0.1, K h=001, HAEE 55 F08 875l
SR, AR L RE 20 WL R 2 PR RGO, BT MQ R 1 R R K (i R
M, BRABEIRER . A, & 1B T ASCINE S SCHRI6] [12] (17177 VR K% 2 R s 5,
MR HHR AT LA Y, AN BT A RO 7 IR B E T AN, RE T
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Figure1. N=6, L(x),f(x) function image
B 1. N=6H, L(x),f(x)s%EE
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Figure2. N =11, L(x),/f(x) function image
B2 N=11H, L(x),f(x)EEEE

Table 1. The maximum error comparison between the method in this paper and the methods in [6] [12] [17]

F 1. AXTTRE A 6] [12] (17177 AR R KIRELER

N=6 N=11
AR T5 1.830x107 1.0800x107
SCHR[6] 3.4832x10™ 4.5271x107
SCHR[12] 2.3300x107 3.2673x10°
SCHR[17] 2.6629x10™ 2.5580x107

5. &t

RS T —FEET MQ 42 3 R EOR MR AR MR 4 IR, BAEW T 3% 07 i A4 AE M — 1,
SR IR B B BIRAE T %R AT 2 B, RS ERE, MQ R R B — MRS R, 7E
BRI R T O IR B R 2, A R R A 4y, R R T B A R R R 4 Ty

DOI: 10.12677/aam.2019.811209 1800 IR Esid


https://doi.org/10.12677/aam.2019.811209

FERSRMET . T MQ fR s AemE I RE LR, RERS R MY R T2 s TR B, P v 45
BEUNHBRAER . ASCEMARN RS E o A, SRR 22 BRAE A FEUREAT SE N 40 B0 B8 70 47
KRR A SRR T — N EE T

E&WE

% R R R4 S I H (11661005; 11301070); 4 A F Tk 24 % # ok ik 8 (DHIG-07-39 ;
DHIG-18-47).

SE

[1] Rabbani, M., Maleknejad, K., Aghazadeh, N. and Mollapourasl, R. (2007) Computational Projection Methods for
Solving Fredholm Integral Equation. Applied Mathematics and Computation, 191, 140-143.
https://doi.org/10.1016/j.amc.2007.02.071

[2] Aziz, 1. and Sirai-ul-islam (2013) New Algorithms for the Numerical Solution of Nonlinear Fredholm and Volterra
Integral Equations Using Haar Wavelets. Journal of Computational and Applied Mathematics, 239, 333-345.
https://doi.org/10.1016/j.cam.2012.08.031

[3] Babolian, E., Bazm, S. and Lima, P. (2011) Numerical Solution of Nonlinear Two-Dimensional Integral Equations
Using Rationalized Haar Functions. Communications in Nonlinear Science and Numerical Simulation, 16, 1164-1175.
https://doi.org/10.1016/j.cnsns.2010.05.029

[4] Saberi-nadjafi, J., Mehrabinezhad, M. and Akbari, H. (2012) Solving Volterra Integral Equations of the Second Kind
by Wavelet-Galerkin Scheme. Computers and Mathematics with Applications, 63, 1536-1547.
https://doi.org/10.1016/j.camwa.2012.03.043

[S1 Maleknejad, K., Mollapourasl, R. and Alizadeh, M. (2011) Convergence Analysis for Numerical Solution of Fredholm
Integral Equation by Sinc Approximation. Communications in Nonlinear Science and Numerical Simulation, 16,
2478-2485. https://doi.org/10.1016/j.cnsns.2010.09.034

[6] Maleknejad, K. and Nedaiasl, K. (2011) Application of Sinc-Collocation Method for Solving a Class of Non-Linear
Fredholm Integral Equations. Computers & Mathematics with Applications, 62, 3292-3303.
https://doi.org/10.1016/j.camwa.2011.08.045

[71 Maleknejad, K. and Rahimi, B. (2011) Modification of Block Pulse Functions and Their Application to Solve Numeri-
cally Volterra Integral Equation of the First Kind. Communications in Nonlinear Science and Numerical Simulation, 16,
2469-24717. https://doi.org/10.1016/j.cnsns.2010.09.032

[8] Mirzaee, F. and Hoseini, A. (2013) A Numerical Solution of Nonlinear Volterra-Fredholm Integral Equations Using
Hybrid of Block-Pulse Functions and Taylor Series. Alerandria Engineering Journal, 52, 551-555.
https://doi.org/10.1016/j.a¢j.2013.02.004

[9] Babolian, E., Abbasbandy, S. and Fattahzadeh, F. (2008) A Numerical Method for Solving a Class of Functional and
Two Dimensional Integral Equations. Applied Mathematics and Computation, 198, 35-43.
https://doi.org/10.1016/j.amc.2007.08.051

[10] Babolian, E., Maleknejad, K., Mordad, M. and Rahimi, B. (2011) A Numerical Method for Solving Fredholn-Volterra
Integral Equations in Two-Dimensional Spaces Using Block Pulse Functions and an Operational Matrix. Journal of
Computational and Applied Mathematics, 235, 3965-3971. https://doi.org/10.1016/j.cam.2010.10.028

[11] Xie, W.J. and Lin, F.R. (2009) A Fast Numerical Solution Method for Two Dimensional Fredholm Integral Equations
of the Second Kind. Applied Numerical Mathematics, 59, 1709-1719. https://doi.org/10.1016/j.apnum.2009.01.009

[12] Tang, T., Xu, X. and Cheng, J. (2008) On Spectral Methods for Volterra Integral Equations and the Convergence
Analysis. Journal of Computational Mathematics, 26, 825-837.

[13] Kansa, E.J. (1990) Multiquadrics—A Scattered Data Approximation Scheme with Applications to Computional Fluid
Dynamics I. Surface Approximations and Partial Derivative Estimates. Computers and Mathematics with Applications,
19, 127-145. https://doi.org/10.1016/0898-1221(90)90270-T

[14] SR RrREEREL BELEEE IS 5T MW 7 R EUEM )], TREEESR, 2012, 19(2): 1-12.

[15] #Rf. FEACRRES 13 1) 55 R 08 I 5E 86 ) {1 ) 9 [D): [ L2248 5], K% K& 1K 2%, 2010.

[16] ZEf. HELEGEMA R, Tk [M]. dbxat: Blagiiat, 2007.

[17] ks, BRE, Heas. TR EEaE M AR RERART). NS 5B 540, 2017, 31(3): 275-289.

DOI: 10.12677/aam.2019.811209 1801 IR Esid


https://doi.org/10.12677/aam.2019.811209
https://doi.org/10.1016/j.amc.2007.02.071
https://doi.org/10.1016/j.cam.2012.08.031
https://doi.org/10.1016/j.cnsns.2010.05.029
https://doi.org/10.1016/j.camwa.2012.03.043
https://doi.org/10.1016/j.cnsns.2010.09.034
https://doi.org/10.1016/j.camwa.2011.08.045
https://doi.org/10.1016/j.cnsns.2010.09.032
https://doi.org/10.1016/j.aej.2013.02.004
https://doi.org/10.1016/j.amc.2007.08.051
https://doi.org/10.1016/j.cam.2010.10.028
https://doi.org/10.1016/j.apnum.2009.01.009
https://doi.org/10.1016/0898-1221(90)90270-T

	Nonlinear Integral Equation Solution Based on Radial Basis Function Interpolation
	Abstract
	Keywords
	基于径向基函数插值的非线性积分方程求解
	摘  要
	关键词
	1. 引言
	2. 基于RBF插值改进的配置法算法
	2.1. RBF插值原理
	2.2. 基于RBF插值的改进配置法算法

	3. Multi-Quadric函数插值的存在性与唯一性
	4. 数值实验及分析
	5. 结论
	基金项目
	参考文献

