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Abstract , \

The radial basis functions (RBFs) meshless method has high accuracy for the interpolation of scattered data in
high dimensions. Most of the RBFs depend on a parameter, called shape parameter which plays a significant role

to specify the accuracy of the RBF method. In this paper, we present three algorithms to choose the optimal
value of the shape parameter. These are based on Rippa’s theory to remove data points from the data set and
results obtained by Fasshauer and Zhang for the iterative approximate moving least square (AMLS) method.
Numerical experiments confirm stable solutions with high accuracy compared to other methods.
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1. INTRODUCTION

An important class of numerical methods for the solution of partial differential equations and scattered data
interpolation is the meshless methods. Some of them are the point interpolation method [25], the local point
interpolation method [20], the smooth particle hydrodynamics method [18], the diffuse element method [17], the
element free Galerkin method [24], the meshless local Petrov-Galerkin method [1], and the radial basis functions
method [3, 5, 15].

Among those, the radial basis functions (RBFs) method is the most reliable one in many fields. In this method,
we do not mesh the geometric space of the problem, but instead, use some scattered points in the desired domain.
Since the RBF method uses pairwise distances between points, so it is efficient for problems with high dimensions and
irregular domains. Radial basis functions are classified into two main classes [6, 21].

Class 1. Infinitely smooth RBFs.

These basis functions are infinitely differentiable and depend on a parameter, called shape parameter £ ( such as
Multiquadric(MQ), Inverse Multiquadric (IMQ) and Gaussian (GA)).

Class 2. Finitely smooth RBFs.

These basis functions are not infinitely differentiable and are lacking the shape parameter. Also, these functions have
less accurate than ones in Class 1. ( such as Thin Plate Splines (TPS)).

The shape parameter is determined by the user and can also be used to increase the accuracy of the method, which
is often considered as a drawback since the proper selection of ¢ is still an open question. To solve this issue, several
attempts are made such as Hardy [19] employed ¢ = 0.815d for MQ basis in R? where d = % sz\; d; and d; is
the distance between the i'" data point and its closest neighborhood, also N is the number of data. Franke [16]
defined € = % in which D is the diameter of the smallest circle containing all data points. Carlson and Foley [4]
recommended that the optimal value of ¢ is independent of the number and position of data points. Furthermore,
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they suggested using the same value of ¢ for MQ and IMQ RBF interpolation. Rippa [29] observed that the optimal
value depends on the number and position of grid points, the approximated function, the precision of the calculation,
and the kind of RBF interpolation. Moreover, Rippa introduced an algorithm made on the Leave-One-Out Cross
Validation (LOOCV) method to pick the optimal value of & for any RBF and any dimension by minimizing a cost
function. Scheuerer [30] improved Rippa’s algorithm for a cost function by using some new weighted error and showed
to be equivalent to the so-called maximum likelihood estimator method that is used to compute covariance parameters
of stochastic processes in spatial statistics.

Small values of the shape parameter are well known to make highly accurate results, but the coefficient matrix
of interpolation becomes ill-conditioned. One alternative method to solve this problem is the approximate moving
least squares method which is a quasi-interpolation approach. Lancaster and Salkauskas [22] provided the moving least
squares (MLS) method for smoothing and interpolating data. In [27], Maz’ya suggested the approximate MLS (AMLS)
method that avoids solving any linear systems. Fasshauer and Zhang later did more research on the AMLS method
and used it instead of the RBF approximation [7-9, 11, 14]. The AMLS method is principally suitable for regular
grid points because the formulation for irregular grid points is more difficult [23, 26]. In [14], Fasshauer and Zhang
showed that the AMLS method performs well for both regular and irregular grid points as an RBF approximation.

Fasshauer and Zhang [14] stated an algorithm based on the residual iteration of an AMLS method that converges to
the RBF approximation. Then they used this algorithm and Rippa’s theory to propose two different LOOCV schemes
in order to find an optimal shape parameter [13]. These methods do not require costly matrix calculations and perform
well for the approximation of noisy data.

Azarboni et al. [2] declared Leave-Two-Out Cross Validation (LTOCV) method by removing two data from the
data set and utilized the results of Fasshauer and Zhang. They indicated that the accuracy of the LTOCV method is
better than the LOOCV method but the computational time is increased.

In this paper, we use and extend the results obtained from elimination methods and the AMLS method. We
introduce an iterative LTOCYV algorithm by the iterative AMLS method. Moreover, we offer a generalized formula for
the cost function to remove P data from the data set, this method is called Leave-P-Out Cross Validation method, and
apply this method for P = 3. Also, we gain an iterative Leave-Three-Out Cross Validation algorithm by the iterative
AMLS method. Numerical results illustrate the accuracy, efficiency, and stability of our methods in comparison with
other methods, but the computational time with the growth of deleted points increases.

The rest of the paper is structured as follows. In section 2, a review of the previous studies is mentioned. In section
3, some new approximation methods for selecting the optimal shape parameter are explained. Numerical examples
are included in section 4.

2. PRELIMINARIES

In this section, we will briefly explain some basic definitions and items required in this study.

2.1. RBF Approximation. An RBF approximation is a linear combination of radial basis functions of the form
N
W(z) = Zczgo(Hac —z4), z e R% (2.1)
i=1

To interpolate the given values f(z;) = fi,i = 1,2,..., N, at scattered data set x = {x;;z; € R, i =1,2,..., N} such
that

Scattered data set x is called the center nodes of the RBF approximation, [|-|| is usually the Euclidean norm and
© (1), such that r > 0, is a radial basis function. Some popular choices of radial basis functions are summarized in
Table 1. The unknown vector ¢ = (¢1,ca, ..., cN)T is specified by applying the interpolation conditions (2.2), which
is corresponding to solve the linear system of equations

Ac= T, (2.3)

(&)
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where A;; = ¢ (|lz; — z;])) and £ = (f1, fo, ..., fn)" . In [28], Micchelli investigated the non-singularity of the matrix
A for MQ-RBF. Also, Schoenberg [31] showed that the matrix A is positive definite and so nonsingular for GA, IMQ),
IQ RBFs.

TABLE 1. Some radial basis functions.

Name of the function RBF form
Gaussian (GA) w(r)= e
Multiquadric (MQ) o (r)=+v1+ex?
Inverse Multiquadric (IMQ) w(r)= 1+152r2
Inverse Quadric (IQ) 0 (r) = oo

2.2. Leave-One-Out Cross Validation Method. In [29], Rippa suggested an algorithm made on the LOOCV
method which determines an optimal value for the shape parameter by minimizing a cost function. The cost function
is defined by getting the norm of error vector e = (ey, eq,. .., eN)T in which

er=Fr—W® (), k=1,2,...,N,

and W) is the approximate function to a decreased data set obtained by deleting the point zj, from the data set as
follows:

N
W @)= 3 (|l - wil).
i=1,i#k
The unknown vector
. k k k BT
ck) = (cg ),...,c,(cjl,c,(cil,...,cgv)) ,

is resulted by employing the interpolation conditions
W® (z)=fi, i=1,2,...,N, i#k,

which is corresponding to solve the nonsingular linear system A®*)c(*) = f(*) where

. k k k IO
f(k) :(fl( )’...7f]£.7)1;f]54r)17"'7f](\f)) )

and A®) is a submatrix of the matrix A by deleting the k" row and column. This algorithm is costly and requires

O(N*) computational operations. Rippa decreased its computational operations to O(N?3). He attained a simple

formula for the error term as follows:
Ck

€ = ——
—1>
Akk

(2.4)
where ¢y is the k" coefficient of the vector ¢ of the RBF interpolation on full data set, and A,;kl is k" diagonal
element of the inverse matrix obtained in the interpolation. Rippa used Brent’s method to derive the minimum of
llell

2.3. Approximate Moving Least Squares Method. The approximate moving least squares (AMLS) method is

an approximation technique that avoids solving the system of linear equations [10, 26]. In [14], Fasshauer and Zhang
proposed a sequence of AMLS method which starts with a quasi-interpolant of the form

N
v (2) = 3 S@de (e - i),

(=)=
E)NE
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then, continues with the iteration on residuals as follows:

N
o @) =0 @)+ 3 1) o @] e e - wl),

where f(x;) = fi, i =1,..., N are the given data values and the function ¢ is strictly positive definite and satisfies
continuous moment conditions. The Laguerre-Gaussians in the following form have the conditions listed

1
o) = —=e LR (%), = false e RY

in which L%/? () are Laguerre polynomials of degree n and order d/2.

Theorem 2.1. Let ¢ be a strictly positive definite function and generates an interpolation matriz A and

so that the matriz B is a scaled version of A, i.e.,
€
Bj; =<’ (g i — $j||) :

Here h=1/ (Nl/d— 1), then w}n) converges to the RBF approzimation as n — 0o.

Proof. Complete explanations are given by [13, 14]. a
Using the above content, the following basis function can be used
d
o(r) = ——e=="r/", (2.5)
d

The formulation of this method is as follows:
AY (@-A)f =" (), (2.6)
i=0

in which the matrix A is symmetric and positive definite (A;; = ¢ (||z; — z;||)), I is the identity matrix and f =
(f1sf2r - f8)". Eq. (2.6) is a linear system with the coefficient matrix A, the unknown vector Sy (I—A)'fand
right-hand side vector w}n) (+), by multiplying both sides of it into

ron —

D (I-Ay| AT

the following result will be obtained

ron —

> @-A)

Li=0

> oa- A)if] = f. (2.7)
] i=0
In accordance with the Neumann series Y ;- (I — A) = A~1 Eq. (2.7) is an estimation of the linear system (2.3)
of the RBF interpolation.

In [13], Fasshauer and Zhang used Eq. (2.7) to compute the error term (2.4) as follows:
Y- A)E|
[ - A)]

€L —

kk
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where there is no the inverse matrix. Moreover, they defined some suitable recursion relations that decreased the
computational costs in (2.8). They assumed that V(©) = f, and utilized the recursive formula

vV =f 4+ (1-A) VD,

for gaining the unknown vector Y7 , (I — A)'f such that (V™) is the k' component of the numerator in (2.8).
Also, using the eigen-decomposition of the matrix, costly calculations of matrix powers in the denominator of (2.8)
decreased. They put

I-A=XAX"1,

where A is a diagonal matrix of the eigenvalues and the columns of the matrix X are the eigenvectors of I — A.
Assuming M(®) = I, the denominator of (2.8) can be calculated by the following formula

M®™ = AM®™D 41, (2.9)

Consequently, the following relation is satisfied for each n

[zn: (I— A)i] = XM™X1, (2.10)

i=0

In Eq. (2.9), the matrix M(™ is diagonal, so the diagonal elements in (2.10) are computed without the matrix-matrix
multiplication. Fasshauer and Zhang used the Matlab function fminbnd to get the minimum of |le|| in order to find
the optimal shape parameter, also the number of iterations is specified.

2.4. Leave-Two-Out Cross Validation Method. In [2], Azarboni et al. used Rippa’s results and algorithms
introduced by Fasshauer and Zhang, and stated an algorithm made on the LTOCV method by minimizing the cost
function which is done by getting the ¢5 norm of the error matrix E with entries ey = ||Ex]|,, such that

fo — WED (g,

_ ) _ _ _
E’“_[fl—WW)(xl) , k=1,...,N—1, Il=k+1,...,N, (2.11)

and W) is the approximate function to a decreased data set obtained by deleting the points z;, and z; as follows:

N
WO @) = 3 (e - ail).

i=1,i#k,l
The unknown vector

k) _ (kD) (kl) (k1) (k1) (k,0) (kl)
c! )f(c1 sy Cp s Caf s Gl sy s CN )

is determined by applylng the interpolation conditions
WED (2)=fi, i=1,2,...,N, i#kl,

which is corresponding to solve the nonsingular linear system of equations
A kD — phl).

where

D kD) (k1) k,l) (kT
f(kl)—(fl 7'--7fk: 17fk:+1""7fl 1 ’fl(+1 N )) ’

and A is a submatrix of the matrix A by deleting k' and I*" rows and columns. They presented a formula for
Es; (2.11), minimized the cost function by using the Matlab function fminbnd and obtained an optimal value of e.

3. SOME NEW APPROXIMATION METHODS

In this section, firstly, we propose an iterative LTOCV algorithm by the iterative AMLS method, then, we present
Leave-P-Out Cross Validation method and explain it for P = 3, finally, express an iterative Leave-Three-Out Cross
Validation algorithm by the iterative AMLS method.
an
BE
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3.1. Iterative LTOCV (ItLTOCYV) for iterative AMLS Method. In [2], Azarboni et al. introduced a direct
LTOCYV method and then used the results of Fasshauer and Zhang. Since the AMLS method avoids solving the system
of linear equations, one can consider a straight execution from it for the LTOCV method. In the following, we propose
the iterative LTOCV (tLTOCV) algorithm for the iterative AMLS method, in the form of Algorithm 1.

Algorithm 1
Fix e
forn=1,2,... do
for k=1,2,....N —1do
forl=k+1,...,N do
Let

¢§co)(k,l) (z) = Z fj(k,l)so (Hx _ x;k,l)H)

Jj=1

for j=1,2,...., N —2do
Compute residuals at the datasites

n) (k1 k,l n—1)(k,l k,l
7"](' )( ):fj( )_w](c 1)( )(535 ))

end for
Compute the correction

u(z) = rj(-n)(k’l)gp (Hx - x§k’l) H)

Update
v @ = @) ) S

Compute the error estimate for the k" and I** data points

g0 _ | ) = o)
f ) = (@)

e,(c?)(k’l) is the ¢5 norm of Egll)(k’l).
end for
From the cost matrix E(®) = (e,(;)(k’l))kd

ceps (n) = norm(E™,2)
if (ceps(n) — ceps(n — 1)) < tol then
Stop the iteration
end if
end for
end for

Algorithm 1 removes points xy and x; from data set such that k =1,...,N —1,and l = k+1,..., N, then applies
the iterative AMLS method to this set of new data points until the stopping criterion is satisfied. Since this method
converges to the RBF approximation, so in Eq. (3.1) the RBF interpolation is derived by the removal of two points.
The cost function “ceps(n)” (See Program 1) is determined by getting the 5 norm of the upper triangular matrix

(&)
ENE



114 M.R. YAGHOUTI AND F. FARSHADMOGHADAM

E(™) with zero diagonal elements and entries e,(;)(k’l) = HE,(;;)(’C’” H , such that
2

gD _ | () = zb}”)(’;’i) () |
N fz) — w}n)( D (1)

To speed up the computational operation we use the eigen-decomposition for the interpolation matrix, and the residual
value is calculated for all points as follows:

k.l .
fap) =" @), =1, N
Then, the Matlab function fminbnd minimizes the cost function in the following form
ep=fminbnd (Q(epl ) CostEpsItLTOCV (epl,phi,T,f ,m),minep , maxep)

here, phi is a radial basis function, the matrix T = (¢;;) is in the form of ¢;; = ||z; — z;|| and (minep,maxep) is the
desired interval for determining the optimal shape parameter.
Finally, an optimal value of ¢ is obtained and n as the number of iterations is achieved. All Programs in this study
are listed in the appendix.

3.2. Leave-P-Out Cross Validation Method. In this subsection, we present a generalized formula to obtain
the error term by removing P data from the data set, this method called Leave-P-Out Cross Validation (LPOCV)
method. Let x = {x;;2; € R, i =1,2,..., N} be the data set and W (x) be the RBF approximation centering on x
to interpolate the given values f(z;) = fi,i =1,2,..., N, like (2.1). Now, we define a new data set

X(kl’k27“.7kp) :(xlv L] 7mk1—1axk1+1a L axkz—lamkz-‘rlv LR )Ikp—l7xkp+1) seey xN)?
as a vector of x such that the points xy,, Tk,, . .., k., are removed, also k; < ko < --+ < kp,and k; =1,..., N—(P-1),
oo kp=kp_1+1,...,N, likewise, f(F1:k2:kP) ig the subvector of the data vector f = (f1, f2,-- .,fN)T7 such that
the elements fx,, fx,,. .., fxp are removed. The interpolation function on the new data set is as follows:
N
k1,ka,... K
Wbt @) = 37 g g(e — ).
—y
i;éklsz,...,kp

The unknown vector
= (Cl, v o3Ck1—15Cky+1y -+ 3Cho—1,Cko41y+++yChp—1,Ckp+1y--- ,CN) s
is specified by enforcing the interpolation conditions
K1,k ok _ o ;
Wkthkzoke) (py = ;0 1 =1,2,...,N, i#kyke,... kp,
which is corresponding to solve the nonsingular linear system of equations
AFrikasikp) ((kikz,okp) — p(kikz,e o kp)
b
where A(F1:k2:-kP) js 3 submatrix of the matrix A by deleting k", k%", ... k% rows and columns.

Definition 3.1. Assume that y,z € RY and Ay = z. If y, = yx, = -+ = yx, = 0, then

Lemma 3.2. Suppose that z¥

Azlh = ekl

be the solution of the system

where el*! is the k'™ column of the N x N identity matriz, then ng] #0.

Proof. The proof is straightforward in [29]. O
an
Ba
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Theorem 3.3. Let B be a P x P matriz with entries B;; = xgij] which are defined with the help of Lemma 3.2 and
i,j=1,...,P, such that ky < ko < --- < kp, ki =1,....N—(P—-1),....,kp =kp_1+1,...,N, and |B| # 0,
(|B] is the determinants of the matriz B). Also, the cofficient vector ¢ = (c1,c¢a,. .. 7cN)T is obtained by solving the
linear system of equations of the RBF interpolation on full data set, and the constants yi,, are defined by

xgil] cee Chy e ngp]
ng;] cee Chy e wgzp]
B
x ...ocC R
Yy = 2 ‘; ke L i=1,...,P, (3.2)

the numerator in (3.2) is determined by replacing the kfh column of the matriz B with the subvector of the cofficient
vector c. Then, the error vector Eg,k,. . kp tn the LPOCV method is given by

fk’l _W(kl’]w ..... k) (xkl) Yk,

frog — W20 kP) () Yk
Eiiky kp= : = :

fkp _W(k1,k2 ..... kr) (xkp) Ykp

Proof. Let us consider blFt:k2-krl ¢ RN ag follows:
blevkzsbrl ey, gkl g plkel oy gl (3.3)
then we multiply the matrix A on both sides of Eq. (3.3)
Ab[kl””’“"kp]:Acfykle[kl] — kaA:c[kZ] — = ykPA:U[kP}.
Now by applying Lemma 3.2 we have

AblFvkeskel —g g ollal g plkel oy elkr]

:(fl""?fkl_l’fkl 7yk1afk1+17"~7fk2—17fk2 7yk27fk2+1a'~'afkp—17fkp 7ykpvfkp+1a'~'afN)7
(3.4)

given that

Rtk okp] _ ks, k]
k1 k2

oy lkike,enkp]
- =b}" =0,

Definition 3.1 and relation (3.4) give

Akike, o kp)p (Rike, o okp)

Kt ko, k
f(k1,k2 P)7

as a result

ckuk2,nkp) —_ p(kiska,ekp)

b
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thus
N k1,ka,y.k q
Wk bz (3, S it C T (= i)
N k1,ko,k
Wkthe k) () _ D st itk ko kp Cz(‘ v P)<P(||T/k2 —zill)
(k1,k k ) N k ,'k ek
Wi i (xkp) L Zi:l,i#klakm...,kp 01( v P)(p(”ka 7‘%1“) -
- N K1k, k 1
Z?M#M%wJ@}2kfﬂmhfmm
. Zi:l,i;&kl,kz,...,kp b T o(||ek, — @ill)
L Zi:l,i;ﬁkl,kz,...,kp bg v P)<P(||33kp —zil) |

r N ki,ka,....k
SN kR ke) oy — )

N 5 (ki,ko,..., k
SN Rz k) g — )

ZN b(kl,kz,m,k;’)

L 2ui=1Y% Plllone = aill)

B (Ab[k17k2:-~'7kp])k1 fk1 — Yk
(Ab[kl,kz,-n,k}?])kz fk2 — Yk,

| (AblRike.e kp])kp Jkp — Ykp

Finally, the error vector Eg, k, .k, is as follows:

fkl —W (ki ka. k) (xkl) Yk

fk2 _W(kl,k‘g,...,k‘p) (xk2) ykg
Er koo kp= : = .

frp —W(k1,k2,...kp) (zxp) Yk p

O

The cost function is defined by taking the ¢5 norm of P-dimensional error matrix E with entries e, ,. k, that are
the /5 norm of Ey k, .. Then, the Matlab function fminbnd minimizes the cost function and an optimal value of €
is obtained, also the number of iterations is achieved.

To clarify Theorem 3.3, we consider different values for P, (P = 1,2, 3).

By applying Theorem 3.3 for P = 1, we obtain
k Ck
B1><1:33£€]7 Yk = —17>» kzla"'aNa
2
k

and
Ep = fi —W®(z) =g, k=1,...,N.

These are equivalent to results obtained by Rippa’s [29].
Also, for P = 2, we derive

[kl

k k
xl[k] xl[l]

T

B2x2=l ], k=1,....N—-1, I=k+1,...,N,

(=)=
E)NE
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and
Ck LUECZ] {ELk] Cp
o gl [k]
o 1 ‘Tl :L'l C|
Then

[ - WED (24) | ok _ _ _
Eu = { wen e | =lw | k=1,....N—1,1l=k+1,...,N.
These are equivalent to results obtained by Azarboni et al. [2].

Now, we put P = 3, and present a new method that is called Leave-Three-Out Cross Validation (LThOCV) method.
We have

k l r
s
B33 = xl[] le xgr] ,

b o

such that k <l<r, k=1,...,.N—-2, I=k+1,....N—1, r=1[01+1,...,N. And

Ck a:g] JZ[T] Jﬁgfl Ck x;:] ng] J,‘Ei] Ck
Cy Qil[l] LL’ET} l‘gk] Cy [T] x[k] !L‘y] Cy
Cr Tf[rl] x[rr] x[rk] Cr :U[TT] x[k] :E[rl] Cr
= Y= ——5—> U3
B| B B

Using the AMLS method and the relation between Eqs. (2.4) and (2.8), |B|, y1, y2 and y3 are defined by

Bl= S a-ay] [Z (- A)Z} - A)Z} [sa- A)Z} [Z (- A)"] S - ay]
=0 d gk Li=0 Ir Li=0 rl Li=0 kl L1=0 Ir Li=0 drk
- [ Y (I-A) [Zn: (I—A)’] [Zn: I-A)Y| + Zn:(I—A)i] {zn: (I—A)i] Zn:(I—A)i
=0 . kk Li=0 i _i:O rr Li=0 k1 Lt=0 k __i:0 drr
- [n (I-A) [Z(I—A)i] I-A)| + Z(I—A)’] { (I—A)l] S a-Ay|
=0 Jik Li=0 kr Li=0 rl Li=0 1 Li=0 kr Li=0 drk
—[Crea-ay] (S a-ay] [ a-ae] [T a-a)] [Srea-a)] (s a-aye
" B " B
N [T a-ay] [, <IB— A)] [Sroa-aye] N [T a-ay] [y, <1B . AY] [Sr,a-aye
T a-ay] [Sn,a-a)] [Sn,a-a)e] (S, a-a)] (S, a-ay] [y, a-a))
- B - B !
[Z?ZO (I B A)Z] kk [Z?:O (I B A)Z] ir [Z?:O (I B A)if] r [Z?_O (I B A)Z] Ik [Z?:O (I B A)Z] kr [Z?_O (I B A)if] r
e B] - B]
CEna-a] [Snea-ay] [Soa-ayr] [Shoa-a)y] [Sho - A S a- Ayt
|B] B
[ ?:0 (I B A)Z] kr [ ?:0 (I B A)Z] rk [ ?:O (I B A)if]z [ ?:0 (I B A)Z] Ik [ ?:0 (I B A)Z] rr [ ?:O (I B A)if] k
+ + ,
|B] B
[c ][]
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and
B [Z?:O (I B A)Z] kk [Z?:O (I B A)Z] i [Z?:O (I B A)if]
Y3 = B + B
L [Sma-ar] [moa-ay] B a-

B rl L Kl B rk l
[ ?:0 (- A)Z] lk [ ?:0 (- A)Z] rl [ ?:0 (- A)if] k [ ?:0 (- A)Z] i [ ?:0 (- A)Z} rk [ ?:O (- A)if} k
- BJ * B] :

Then, the error vector Fy;, in the LThOCV method is given by

Sr = WELD () Y1
Ewr=1| fi—-WHEL () | =1 y
fr - W(k’lm) (xr) Y3

The basis of the LThOCV method is based on Algorithm 2.

Algorithm 2
Fix €. Perform an eigen-decomposition
I-A=XAX"!
Initialize V(®) = f and M(©) =1
forn=1,2,... do
Perform the updates
Ve =f 4 (I-A)VrY

M =AM®~ 41
Compute the vector E,(;;T) as the componentwise quotient
of V(™ and the diagonal of XM(™X~1

e,(;llr) is the ¢ norm of E,(CZ),

From the 3-dimensional cost matrix E(™ = (e,(;llr)

ceps (n) = norm(E(“)7 2)
if (ceps(n) — ceps(n —1)) < tol then
Stop the iteration
end if
end for

)k<l<r

To speed up the computational operation we use the eigen-decomposition for the matrix I — A. By using Algorithm
2 the cost function “ceps(n)” is defined (See Program 2). Utilizing the Matlab function fminbnd this cost function is
minimized, and an optimal value of ¢ is specified, also the number of iterations is obtained.

3.3. Iterative LThOCV (ItLThOCYV) for iterative AMLS Method. In this subsection, we declare an iterative
LThOCV (ItLThOCV) algorithm for the iterative AMLS method as Algorithm 3.

For this approach, we remove three points zp,x; and z, from the data set such that £k = 1,...,.N —2, [ =
k+1,....N —1,and r =1+ 1,..., N, then, use the iterative AMLS method to this set of new data points until
the stopping criterion is satisfied. In Eq. (3.5), an RBF interpolation is obtained by deleting three points. The cost
function “ceps(n)” (See Program 3) is defined by getting the £, norm of the 3-dimensional error matrix E™ with

(=)
BEE
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Algorithm 3

Fix e
forn=1,2,... do
for k=1,2,...,. N —2do

forl=k+1,...,N—1do
forr=10+4+1,...,N do

Let
N-3

w(o)(kw) Zf(krl) (H zgk,l,r)

j=1

)

for j=1,2,.... N —-3do
Compute residuals at the datasites

rj(n)(k,l,r) _ f](k,z,r) _ ¢J(£n—1)(k,l,r) (x§k,l,r)>

end for
Compute the correction

N-3 i)
(n)(k,l,r) H k,l,r
r; T — T
# ([l =)
Update
Pl () = DR () () (3.5)

th and 7" data points

F (@) — 0 E ()

Compute the error estimate for the k" |

k.l n)(k,l,r
B = | f () - w< LT ()
fae) - w“”“““”)( ")
e,(;;)(k’l’r) is the f5 norm of E(”)(k L)

end for
From the 3-dimensional cost matrix E(™
if (ceps(n) — ceps(n —1)) < tol then
Stop the iteration

end if

end for

end for
end for

= (627,).(k’l’T))k<l<T ceps (n) = norm(E™),2)

entries e

k,l,r) n)(k,lr
N

, in which

F (@) =D (z)

EE = ) - w“”(’””( 1)
f () — w“‘)(“”( -)

In order to expedite up the computational operation we use the eigen-decomposition for the interpolation matrix,
and the residual value is calculated for all points as follows:

flay) =™ @), =1, N.
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Applying the Matlab function fminbnd the cost function is minimized, and an optimal value of ¢ is specified, also
the number of iterations is achieved.

4. NUMERICAL EXPERIMENTS

In this section, three examples are tested to assess the performance of present methods. First, these methods are
used for interpolating two test functions and then, a partial differential problem is solved. We consider a uniform data
set from size N in two dimensions, and examine the accuracy of present methods by applying the absolute error,
namely e(x), and the Root-Mean-Square-Error (RMSE) overall N data points as follows:

e(x;) = |F(x;) — W(x;)|, i=1,...,N, (4.1)
RMSE (e) = ZN=1N€2($) (4.2)

where W is the RBF approximation and F is the exact solution. All of the numerical computations are performed in
MATLAB R2018b, on a PC with an Intel(R) Core(TM) i5-7500, CPU 3.40GHz, 8GB(RAM).

Example 1. [12-14] Let us consider a modified Franke function on the unit square as follows:

g(z,y) =0.75 exp(— (97 — 2) I 9y —2)

(9z — 7)° + (9y — 3)°
4

9z +1)* 9y+1)
49 10

) +0.75 exp(—

+0.5 exp(— ) — 0.2exp(—(9z — 4)* — (9y — 7)),

flz.y) = 159(z,y) exp(—1— (2313 —y) P (2; —12)

Numerical results in Table 2 show the RMSE values, the optimal shape parameter £, the number of repetitions
required for the AMLS method and CPU time for various values of N. The RMSE rate is reduced by increasing N
for each method. We use the radial basis function in the form of (2.5). Figure 1 presents the approximate and exact
solutions along with the absolute error with N = 49 and ¢ = 0.8195. Figure 2 displays the RMSE as a function of
€ € [0.5,3] for N = 49, where the optimal shape parameter is ¢ = 0.9167 and the RMSE is 2.441e — 18. Furthermore,
in [13], the RMSE for N = 1089 of the AMLS direct LOOCV method is 2.48¢ — 4, of the AMLS iterative LOOCV
method is 2.30e — 4, of the Shepard direct LOOCV method is 2.73e — 4, of the Shepard iterative LOOCV method is
2.77e — 4 and of the Ridge method is 2.50e — 4. Numerical results show that our methods have very high accuracy
with a small number of data points compared to the methods mentioned in [13].

TABLE 2. Numerical results of present methods for Example 1.

Example 2. [2] In this example, we consider peaks function in Matlab.

(=)=
E)NE

Present methods N =25 N = 36 N =49

RMSE 1.7471le — 16 1.0781le — 16  8.7223e — 17

€ 0.9431 0.8691 0.8279
FLTOCV no. iter. 3 3 3

CPU time (s) 0.11 0.15 0.17

RMSE 9.8805e — 17 9.6940e — 17  9.1295e — 17

€ 0.9713 0.9009 0.8585
LThOCV no. iter. 3 3 3

CPU time (s) 0.18 0.44 0.58

RMSE 2.4289e¢ — 16 7.6638¢ — 17  7.0324e — 17
HLThOCV 5 0.9232 0.8589 0.8195

no. iter. 3 3 3

CPU time (s) 0.31 0.58 3.09
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RBF Surface orginal Surface Absolute Error

X:1
Y:0
Z:3.

713e-19

FIGURE 1.  Approximate (left) and exact (middle) solutions along with the absolute error (right)
with N =49 and ¢ = 0.8195 for Example 1.
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Ficure 2. RMSE as a function of € with N = 49 on a linear — log scale for Example 1.

Numerical results in Table 3 have a similar trend with Table 2. We use the radial basis function in the form of (2.5).
Figure 3 portrays the approximate and exact solutions along with the absolute error with N = 49 and ¢ = 0.1529.
Figure 4 demonstrates the RMSE as a function of € € [0.001,1] for N = 49, where the optimal shape parameter is
e = 0.8335 and the RMSE is 9.713e — 17. Moreover, in [2], the RMSE for N = 400 of the LOOCV method is 1.1e — 5
and of the LTOCV method is 1e — 7. Numerical results show that our methods have very high accuracy with a small
number of data points compared to the methods mentioned in [2].

(&)
ENE
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RBF Surface orginal Surface Absolute Error

%1018

FIGURE 3. Approximate (left) and exact (middle) solutions along with the absolute error (right)
with N =49 and ¢ = 0.1529 for Example 2.
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. as a function of ¢ wi = on a linear — log scale for Example 2.
FIGURE 4. RMSE funct f th N =49 1 log scale for E ple 2
TABLE 3. Numerical results of present methods for Example 2.

Present methods N =25 N = 36 N =49
RMSE 8.8350e — 16  7.4998e — 16 4.3312e — 16
5 0.1744 0.1601 0.1514
ELTOCV no. iter. 3 3 3
CPU time (s) 0.13 0.16 0.19
RMSE 1.1077e — 15 6.3897¢ — 16 5.2103e — 16
15 0.1774 0.1636 0.1532
LThOCV no. iter. 3 3 3
CPU time (s) 0.25 0.35 0.85
RMSE 5.2799¢ — 16  4.2763e — 16  4.2006e — 16
€ 0.1772 0.1631 0.1529
ELThOCY no. iter. 3 3 3
CPU time (s) 0.41 0.57 3.47

Example 3. [2] Let us consider Poisson equation:

(=)=
E)NE
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—Ugy — Uy, = T28in (72) sin (1Y) ;

with boundary conditions

u(z,—1) =1—2x; -1<z <1,
u(z,1) =1, -1<z<1,
w-ly)=2-y; —1<y<l,
wly)=y; -1<y<l1

The exact solution is:

1. .
u(x,y):1—x+xy+§sm(7rx)sm(7ry); -l<z,y<l

Numerical results in Table 4 have a similar trend with Table 2. We use the Guassian radial basis function ¢ (r) =
e Figure 5 indicates the approximate and exact solutions along with the absolute error with N = 100 and
e = 0.6001. Figure 6 illustrates RMSE as a function of € € [0.6,1.4] for N = 100, where the optimal shape parameter
is € = 0.6889 and the RMSE is 8.587¢ — 06. Moreover, in [2], the RMSE for N = 400 of the LOOCV method is
2.1e — 5 and of the LTOCV method is 3.8178¢ — 6. Numerical results show that our methods are more accurate with
a small number of data points compared to the methods mentioned in [2]. Note that the coefficient matrix of partial
differential equations is non-symmetric, but present methods are still quite efficient using strictly positive definite

RBFs, even if they are not theoretically guaranteed.

TABLE 4. Numerical results of present methods for Example 3.

Present methods N =49 N =381 N =100
RMSE 3.2192¢ — 04 3.2138¢ — 05 3.7530e — 06
€ 0.6001 0.6001 0.6001
BLTOCV no. iter. 3 3 3
CPU time (s) 1.04 3.50 6.57
RMSE 4.4358¢ — 03 5.2021e — 04 6.6675e — 05
€ 1.0021 0.9777 0.8781
LThOCV no. iter. 5 4 4
CPU time (s) 5.10 26.27 38.64
RMSE 3.2192e — 04 3.2138¢ — 05 3.7530e — 06
LLThOCV € 0.6001 0.6001 0.6001
no. iter. 3 3 3
CPU time (s) 15.77 104.16 305.0391

5. CONCLUSION

In this paper, we introduced three numerical schemes to select the optimal shape parameter for the RBF method.
These are based on Rippa’s theory to remove data points from the data set, and results obtained by Fasshauer and
Zhang for the iterative AMLS method. First, we proposed the ItLTOCV algorithm for the iterative AMLS method.
Then, we defined a generalized formula to obtain the error term by removing P data from the data set, this method
called the LPOCV method and used it for P = 3. Finally, we presented the ItLThOCYV algorithm for the iterative
AMLS method. Using the Tables, it can be said that with increasing N, the RMSE decreases for each method. Also,
the RMSE in our methods is less than the RMSE of other methods at low numbers of data points, but the computa-
tional time with the growth of deleted points is longer. All of the descriptions indicate the effectiveness of our methods.
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FIGURE 5.
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RBF orginal Surface Absolute Error

Approximate (left) and exact (middle) solutions along with the absolute error (right)

with N = 100 and ¢ = 0.6001 for Example 3.
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F1GURE 6. RMSE as a function of ¢ with N = 100 on a linear — log scale for Example 3.

[ Program 1: ]

APPENDIX: PROGRAMS IN MATLAB

function ceps=CostEpsitLTOCV (epl,phi,T,f m)

epl;
A=phi(epl,T);
I=eye ((m+1)"2)
[x1,Dl]=eig(A)

i

for j=1:(m+1)"2
for k=1:(m+1)"2
E(j,k)=1(j);
end

(=)=
E)NE
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end

el=zeros ((m+1)"2);

ceps(l)=norm(el ,2);

e2=zeros ((m+1)"2);

n=2;

S1=x1\E;

for k=1:((m+1)"2)—1
S=(I-D1)*S1+(D1/x1)*(diag(diag(E,~k),—k)+...
diag (diag (E))):
D=diag(diag(x1%S,—k),—k)+diag(diag(x1%S));
for i=1:((m+1)"2)—k
en(i,i+k)=sqrt(D(i,i)"2+D(i+k,1i)"2);

end

end

ceps (n)=norm(en,2);

while (ceps(n)—ceps(n—1))>le—1

n=n+1;

S1=x1\E;

for k=1:((m+1)"2)—1
S=(I-D1)*S1+(D1/x1)*(diag(diag(E,~k),—k)+...
diag (diag (E))):
D=diag(diag(x1xS,—k),—k)+diag(diag(x1*S));
for i=1:((m+1)"2)—k
en(i,it+k)=sqrt(D(i,i)"24D(i+k,1)"2);

end

end

ceps (n)=norm(en,2);

end

n

ceps=ceps(n);

end

[ Program 2: ]

function ceps=CostEpsLThOCV (epl,phi,T,f m)
epl;
A=phi(epl,T);
I=eye ((m+1)"2);
[x1,D]=eig (I-A);
Ti=(x1%(D/x1));
v=f;

M=

v=T1xv+T1;
MEDAMVH-T
T2=(x1xM/x1));
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cepsl=zeros ((m+1)"2,(m+1)"2,(m+1)"2);

ceps2=zeros ((m+1)"2,1);

ceps (1)=0;

n=2;

for p=1:((m+1)"2-2)

for q=p+1:((m+1)"2-1)

for u=q+1:(m+1)"2
B=T2(p,p)*T2(u,q)*T2(q,u)—T2(q,p)*T2(u,q)*T2(p,u) —
T2(p,p)*T2(q,q)*T2(u,u)+T2(q,p)*T2(p,q)*T2(u,u) —
T2(p,q)*T2(u,p)*T2(q,u)+T2(q,q)*«T2(u,p)*T2(p,u);

if (B==0)

cepsl=cepsl;

else
cel=(—v(u)*T2(q,p)*T2(u,q)+v(u)*T2(q,q)*«T2(u,p)+...
v(p)*T2(u,p)*T2(q,u)+v(q)*T2(q,p )*TQ( ,u) — ...
v(q)*T2(u,p)*T2(q,u)—v(p)*T2(q,q)*T2(u,u))/B;
ce2=(v(u)*xT2(p, )*TQ( q)—v(u)*xT2(p,q)*T2(u,p) —
v(p )*T2(u,q)*T2(p,u) ( )xT2(p, )*T2(u,u)+...
v(q)*T2(u,p)*T2(p,u)+v(p)*T2(p,q)*T2(u,u))/B;
ced=(—v(u)xT2(p,p)*T2(q,q)+v(u)«xT2(q,p)*T2(p,q)+...
v(q)*T2(p,p)*T2(q,u)—v(q)*T2(q,p )*T2(p,u)*

v(p )*T2(p q)*T2(q, u)+V( )*T2(q,q)*T2(p,u))/B;
cepsl(p,q,u)=sqrt ((cel) 2+ (ce2)"2+(ced )" 2);

end

end

end

ceps2(p+2,1)=norm(cepsl (:,:,p+2),2);

end

ceps (n)=norm(ceps2 ,2);
while (ceps(n)—ceps(n—1))>le—1

n=n+1;

v=T1%v+{;

NEDAVET ;

T2=(x1x(M/x1));
for p=1:((m+1)"2-2)
for qg=p+1:((m+1)"2-1)
for u=q+1:(m+1)"2
B=T2(p,p)*T2(u,q)*T2(q,u)—T2(q,p)*T2(u,q)*T2(p,u) —
T2(p,p)*T2(q,q)*T2(u,u)+T2(q,p)*T2(p,q)*T2(u,u) —
T2(p,q)*T2(u,p)*T2(q,u)+T2(q,q)*«T2(u,p)*T2(p,u);

if (B==0)

cepsl=cepsl;

else
cel=(—v(u)*T2(q,p)*T2(u,q)+v(u)*T2(q,q)*T2(u,p)+...
v(p)*T2(u,p)*T2(q,u)+v(q)*T2(q,p)*T2(u,u) —...
v(q)*T2(u,p)*T2(q,u)—v(p)*T2(q,q)*T2(u,u))/B;
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ce2=(v(u)*T2(p,p)*T2(u,q)—v(u)*T2(p,q)*T2(u,p) —
v(p)*T2(u,q)*T2(p,u)—v(q)*T2(p,p )*T2(u,u)+...
v(q)*T2(u,p)*T2(p,u)+v(p)*T2(p,q)*T2(u,u))/B;
ce3=(—v(u )*T2(p p)*T2(q,q)+v(u)*T2(q,p)*T2(p,q)+...
v(q)*T2(p,p)*T2(q,u)—v(q)*T2(q,p)*T2(p,u) —

v(p )*T2(p q)*T2(q, u)+V( )*T2(q,q)*T2(p,u))/B;
cepsl (p,q,u)=sqrt((cel) 24+ (ce2)"2+(ced ) 2);

end

end

end

ceps2 (p+2,1)=norm(cepsl (:,: ,p+2),2);

end

ceps (n)=norm(ceps2 ,2);

end

ceps=ceps(n);
end

[ Program 3: ]

function ceps=CostEpsItLThOCV (epl ,phi,T,{ ,m)
epl;

A=phi(epl,T);

I=eye ((m+1)"2);

[x1,Dl]=eig(A);

for j=1:(m+1)"2

for k=1:(m+1)"2

E(j,k)=1(j);

end

end

el=zeros ((m+1)"2,1);

ceps(l)=norm(el ,2);

e2=zeros ((m+1)"2,1);

n=2;

ee=zeros ((m+1)"2,(m+1)"2,(m+1)"2);

S1=x1\E;

for k=1:((m+1)"2)—2

for r=k+1:((m+1)"2)—1
S=(I-D1)*S1+(D1/x1)*(diag(diag(E,—1),—1)+...
diag(diag(E,—k),—k)+diag(diag(E)));
D=diag(diag(x1%S,—r),—r)+diag(diag(x1xS,—k),—k)+
diag(diag(x1%S));

for i=1:((m+1)"2)—r
ee(i,i+k,i+r)=sqrt(D(i,i)"24+D(i+k,i)"24D(i+r,i)"2);
end
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end

en(k+2,1)=norm(ee (:,: ,k+2),2);

end

ceps (n)=norm(en,2);

while (ceps(n)—ceps(n—1))>le—1

n=n+1;

S1=x1\E;

for k=1:((m+1)"2)—2

for r=k+1:((m+1)"2)—1
S=(I-D1)*S1+(D1/x1)*(diag(diag(E,—1),—1)+...
diag(diag(E,—k),—k)+diag(diag(E)));
D=diag(diag(x1xS,—r),—r)+diag(diag(x1*S,—k),—k)+...
diag (diag(x1%S));

for i=1:((m+1)"2)—r
ee(i,i+k,i+r)=sqrt(D(i,i)"24D(i+k,i)"24D(i+r,i)"2);
end

end

en(k+2,1)=norm(ee (:,: ,k+2),2);

end

ceps (n)=norm(en,2);

end

ceps=ceps(n);

n

end
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