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Abstract

In this article the error estimation of the moving least squares approximation is provided
for functions in fractional order Sobolev spaces. The analysis presented in this paper
extends the previous estimations and explains some unnoticed mathematical details. An

application to Galerkin method for partial differential equations is also supplied.

Keywords: Moving least squares approximation, Error bounds, Sobolev spaces,
Meshless methods.

1. Introduction

The Moving Least Squares (MLS) approximation was introduced in an early paper
by Lancaster and Salkauskas [1] in 1981 with special cases going back to McLain [2, 3]
in 1974 and 1976 and to Shepard [4] in 1968. For other early studies we can mention the
work of Farwig [5, 6, 7]. Since, in MLS one writes the value of the unknown function
in terms of scattered data, it can be used as an approximation to span the trial space
in meshless (or meshfree) methods. This approximation has found many applications in
curve fitting and numerical solutions of partial differential equations since early nineties
[8, 9, 10, 11].

The error analysis of MLS approximation was provided by some authors, beginning
with the work of Farwig [7] which is limited to a univariate case. The connection to
Backus-Gilbert optimality was studied by Levin [12] in 1998, and later it was used by
Wendland [13, 14, 15] in a more elaborated setting. In Liu et. al. [16] the analysis
is presented for smooth functions in C™*1(Q) N H™+1(Q2). Armentano and Durén [17]
proved error estimates in L for the function and its first derivatives in one dimensional
case. Afterward Armentano [18] generalized this to multi-dimensional cases but it is
still restricted to “convex” domains and Sobolev spaces of order one. One can also find
an estimation in Han and Meng [19] for reproducing kernel particle methods (which is

related to the MLS approximation) for integer order Sobolev spaces. They assumed a
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constant bound for the norm of the inverse matrix (matrix A in text) and considered it for
special cases in one dimension and first order approximations. Note that the role of this
matrix is very crucial in analysis. The paper of Zuppa [20] is also limited to some specific
situations. In Wendland [13, 15] the analysis presented only for the function in classical
function spaces. We can also mention the work of Melenk [21] where the theoretical
and computational aspects of some meshless approximation methods, including MLS,
are considered.

The collocation method based on the MLS approximation is called finite point method.
An analysis for this method has been presented in [22]. Besides, an interpolating MLS is
developed recently. For error analysis and applications to element-free Galerkin method
see [23, 24].

The present work is based on the theory of Wendland and extends all the above results
to a general case. All mathematical details are provided, special care is taken near the
boundary, and lower bound for the minimum eigenvalue of the MLS local matrix is derived
in general case, independent of the mesh-size. Besides, the analysis is presented for
functions in fractional order Sobolev spaces. Finally an application to Galerkin methods

for elliptic PDEs is investigated.

2. MLS approximation

Let Q C R, for positive integer d, be a nonempty and bounded set. In the next

section, more conditions on €2 will be imposed. Assume,
X ={x1,29,...,25} CQ,

is a set containing N scattered points, called centers or data site. Distribution of points
should be well enough to pave the way for analysis.

Henceforth, we use P4, for m € Ng = {n € Z,n > 0}, as the space of d-variable

(m;rd

denoted by {p1,...,pQ} or {Pa}togjaj<m- As usual, B(x,r) stands for the ball of radius

polynomials of degree at most m of dimension @) = ) A basis for this space is

r centered at x.

The MLS, as a meshless approximation method, provides an approximation s, x of

u in terms of values u(x;) at centers z; by
u(x) & sy, x( Zaj x € Q, (2.1)

where a; are MLS shape functions given by



where the influence of the centers is governed by weight function w;(x) = w(z, z;), which
vanishes for arguments z, z; € Q with ||z — ;||2 greater than a certain threshold, say d.
Thus we can define w;(z) = ®((z — z;)/5) where ® : R — R is a nonnegative function

with support in the unit ball B(0,1). Coefficients Ax(x) are the unique solution of

Q
Soaw@) S wiepilapes) =pele), 0<0<Q, (23)
k=1 j€J(x)
where J(z) = {j : ||z — z;||2 < d} is the family of indices of points in the support of w.
In vector form
a(x) = W(z)P" (PW (z)P") 'p(a),

where W (z) is the diagonal matrix carrying the weights w;(z) on its diagonal, P is a
Q x #J(x) matrix of values pi(x;), j € J(z), 1 <k < Q, and p = (p1,...,pg)T. In MLS
one finds the best approximation to u at point x, out of PZ with respect to a discrete
£2 norm induced by a moving inner product, where the corresponding weight function
depends not only on points z; but also on the evaluation point z in question. Note that
A(z) = PW(x)PT is a symmetric positive definite matrix for all € €. More details
can be found in Chapter 4 of [15].

In what follows we will assume that ® is nonnegative and continuous on R? and

positive on the ball B(0,1/2). In many application we can assume that
®(z) = ¢(||z]2), = €R?,

meaning that ® is a radial function. Here ¢ : [0, 00) — R is positive on [0, 1/2], supported
in [0,1] and its even extension is nonnegative and continuous on R.
If, further, ¢ is sufficiently smooth, derivatives of w are usually approximated by

derivatives of s, x,
N
D%y = D%, x(x) = ZDaaj (@)u(z;), =€, (2.4)
j=1

and they are called standard derivatives. They are different from GMLS or diffuse deriva-
tives [25] which are not the aim of this paper.

3. Error estimation

Since error estimates will be established using a variety of Sobolev spaces, we intro-
duce them now. Let Q C R? be a domain. For k € Ny, and p € [1,00), we define the
Sobolev space W; (Q) to consist of all u with distributional derivatives D*u € LP(Q),
|a] < k. The (semi-)norms associated with these spaces are defined as

1/p 1/p

sy = | S0 W0 | s Tulwse = | 32 107wl 0

lal=k lal<k
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The case p = oo is defined in the standard way
lulwes (@) = Iblllp [D%ullo(y, Nullwe @) = |81‘1p [ D%ul| Loe (02)-
al= al<k

For fractional order Sobolev spaces, we use the norms below. Let p € [1,00), k > 0,
k € Z, and let 0 < s < 1. We define the fractional order Sobolev spaces WZ?‘*‘S (Q) to be
the space of all u for which the norms below are finite.

1/p

| D%u(z) — Du(y)|”
|u|W§+s(Q) = / / |1: — g dzdy ,

| =k

1/p
lullygecay = (Nl + b))

The first step in deriving error estimates is to consider only local regions D that are
star-shaped with respect to a ball. A domain D C R? is said to be star-shaped with
respect to a ball B = B(y,p) = {z € R?: ||z — y|| < p} if for every = € D, the closed
convex hull of {z} U B is contained in D. Let

Pmax = sup{p : D is star-shaped with respect to a ball of radius p},

then the chunkiness parameter of D is defined by v =
D.

Approximating a function u € W;”H(D) by averaged Taylor polynomials @Q,,,u € P%
is discussed in [26, Chapter 4]. The averaged Taylor polynomials are defined as follows.

di where dp is the diameter of

Let B be a ball with respect to which D is star-shaped having radius p > % Pmax- Lhen

Qmu(z) == > / Du(y)(z — y)*¢(y)dy,

|a\<m

where ¢(y) > 0 is a C*° “bump” function supported in B satisfying both [, ¢(y)dy =1
and max o < Cp~<.

In [26] the W bounds on u — Qpu are given for integer ¢ when u € W+ (D) and
¢ < m—+1. A version of these results that applies when u belongs to W;’”S(D), 0<s<1,
was proved in [27]. An improvement of conditions (range of s) was discussed in [28] by
the same authors.

Lemma 3.1. Let B be a ball in D such that D is star-shaped with respect to B and

such that its radius p 2 (1/2)pmax- Let Qmu be the Taylor polynomial of order m of u

averaged over B where u € W) 5(D) for 0 < s <1 and p € [1,00). Let m > d/p for
p>1andm > d for p=1. Then there exists constant C = C(m,d,p,~y) such that

m—+s—d
= Q| Loy < Cdp ™™ P lufyriie (3.1)

where dp is the diameter of D.



We should note that the identity
DQmu = Qp—jo)D%u, for all u € Wllal(D). (3.2)

which is found in [26, Section 4], holds for |a| < m. Applying Lemma 3.1 on D%u
instead of u, using the identity (3.2) and the inequality |D&“‘W§+S*“"(D) < |u|Wg+S(D),
we obtain

Corollary 3.2. Let 0 < s < 1. Foru e W;**5(D),
1D%u = D*Quyul| o (py < C 1P| iy (3.3)
provided that m > |a| +d/p for p>1 and m > |a| +d forp=1.

Analogous to the error bound (3.1), one can easily derive the ch bound for u — Q,,u
when u € W)"*(D). We give the results in the following Lemma.

Lemma 3.3. Let g € [1,00], p € [1,00) and « be a multi-index satisfying m > |a| +d/p
forp>1and m > |a|+d for p=1. With the notation and assumptions of Lemma 3.1,
we have

: < Cdg-&-s—la\'i'd(l/q—l/mm‘

ot = Quitlly o1 ——— (3.4)

where C' = C(m,d,p,q, a, 7).

Proof. Although the proof can be implicitly extracted from [27], but we present it here
for the reader’s conveniences. Let ¢ € [1,00). Using the definition of Sobolev norms, we
have

e = Qutly iy = 3 [ 1D (u = Quulide
1B1<|al ” P

d . 8 a
< #{5 € N2 18] < o) x vol(D) (| mae 1D°(u = @)~

EN]

< C(d, ) dp, e 1D”(u = Q)| e )
m+s—|a|+d(1/q—1
< Clmyd,p,a,y) g7

At the third line above, we use the facts that vol(D) < Cyd%, and

BN A<l = 3 (20 = () = ogam,

=0

In the last line, Corollary 3.2 has been applied. Finally taking the g-th root of the both
sides completes the proof with the new constant C = C(m,d, p, ¢, a,7y). The case ¢ = o0
can be proved by a similar argument (see also [15, Proposition 11.29]). O
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Remark 3.4. In case s = 1, if we assume m+1 > |a|+d/pforp>1and m+1 > |a|+d
for p =1 then estimations (3.1) and (3.4) are still valid, due to [26]. The reader should
be cautious that these error bounds can not be obtained by inserting s = 0 and replacing

m by m + 1 in fractional cases, because the later produces @, +1u.

Up to this point, we reviewed some Sobolev error bounds for a function which is
approximated by the averaged Taylor polynomial on a star-shaped domain. These bounds
are usually used for analyzing the finite element method (FEM). Now we turn to the MLS,
as a meshless approximation method, and employ the above bounds to analyze it. The
final bound will be presented for functions in fractional Sobolev spaces. Although one can
use the interpolation arguments (for example the “real” method based on K-functionals)
to extend the integer order Sobolev spaces to fractional ones, here we follow the direct
approach because all materials are provided via (3.1) and (3.4).

First we introduce some other notations. For a set of points X = {z1,z9,..., 2y} in
a bounded domain Q C RY, the fill distance is defined to be

h =sup min ||z —z;
X,Q megléjéN” ]H27

and the separation distance is defined by
min [z, —
= —min ||z; — zj||2.
ax 2 it i Tjll2
A set X of data sites is said to be quasi-uniform with respect to a constant cqy > 0 if

gx < hx 0 < Cquix- (3.5)

Aset X = {z1,...,on} C R? with N > Q is called P4 -unisolvent if the zero polynomial
is the only polynomial from P¢, that vanishes on X.

A set Q C R? is said to satisfy an interior cone condition if there exist an angle
0 € (0,7/2) and a radius r > 0 such that for every x €  a unit vector £(z) exists such
that the cone

O(x,&,0,r) == {x+ty:y e R [lyll2 = 1,y"¢ > cosb,t € [0,7]}

is contained in Q.

Assuming the compact set ) satisfies an interior cone condition with radius r and
angle 0, and data site X C {2 satisfies the quasi-uniform condition (3.5), Wendland
[15, Chapter 4] proved that shape functions {a;(z)} from MLS approximation (2.1)
provide a stable local polynomial reproduction of degree m on €, i.e. there exist constants
hg,C1,C5 > 0 independent of X such that for every =z € Q

1. Zjvzl aj(z)p(x;) = p(x), forallpePl,
6



2. S0 Jaj(@)] < G4
3. aj(x) =0if ||z —xjl|2 > 6 = 2C2hx q,

for all X with hx o < ho. Constant C; depends on the weight function ¢, and constants

C5 and hg are -
16(1 + sin0)*m r
Co=—"——"" hyg=—.
2 3sin’ 6 0 Cy

He also proved that, if the weight function possesses k continuous derivatives then the

(3.6)

approximant s, x is also in C*. Using the above properties, he proved the error bound
[t — su,x | Lo () < CRREL [ulcmer (or),

where |u|gm+1(q-) 1= max|g|—m11 | DUl (q-) in which Q* = UyeqB(x, C2ho) can be
obviously larger than the exact domain 2. Here D? is the classical derivative operator
on space C™T1. The results of the present paper (in a special case) extend this bound
for functions u in fractional order Sobolev space W,"+*(€2).

Taking derivatives of order a, || < m, under some mild conditions, we can show that
functions {D%a;(z)} in approximation (2.4) form another local polynomial reproduction
in the following sense: there exist constants hg, C o, C2 > 0 independent of X such that
for every z € Q)

1. Z;V:1 D%a;(z)p(z;) = D*p(z), for all p € P2,
N o —|a
2. Zj:l |D%a;(z)| < Ol,ahXI,le
3. Do‘aj(w) =0 Zf ||.T — IL’]‘HQ >0 = 202}1)(,9,
for all X with hx o < ho. The first and the last items are immediately followed from

the previous local polynomial reproduction system. But proving item 2 invites more
challenges. First we prove the following straightforward result.

Lemma 3.5. Let X = {z1,...,zn} C Q has fill distance hx o. Suppose that function
@ :]0,00) — R, is supported in [0, 1] and its even extension belongs to C™(R) for m € Ny.
Then for wj(z) = ¢(||x — x;2/9), € R? and |a| < m we have

IDow;(x)] < Cahyy, VYoeQ, j=1,...N, (3.7)
provided that 6 = 2C2hx q.

Proof. Since ¢ is a compactly supported and C™ function, derivatives of ¢ up to order
m are continuous and bounded. The absolute value of D“w;, has a bound with a factor
6ol times derivatives of ¢. This immediately gives the desired bound for sufficiently

small hx q. O



The MLS approximation can be implemented in a more stable fashion, if a shifted

and scaled polynomial basis function is used as a basis for P4 . In this case, we use the

(x—2)" (3.8)
Tl ) :
X0 oglalgm

where z is fixed and depends on the evaluation point to be considered. If 7 is the

basis

evaluation point, the best result will be obtained if we finally set z = Z. In fact, MLS
uses different bases for each evaluation point. We can do this, because the formulation of
MLS approximation and equations (2.2) and (2.3) are independent of the choice of basis
functions. Thus the MLS shape functions can be written as

aj(z) = wi(z) Y M@ T2y N, (3.9)

T
A@)Mz) = p(z),  palz) = {H} , (3.10)

loe|
hX’Q 0<|al<m
where
al Tj— 2 Tj— 2
A p(z) = w»xp»(] )pk<] ), ik=1,...,Q. 3.11
1, ( ) ; ]( ) T hX7Q hX,Q ( )
N
Since ¢ is supported in the unit ball, we used the summation index Z instead of Z
j=1 jeJ(x)

in the above formulation. Since the set point X satisfies the quasi uniform condition
(3.5), the number #J(z) of points in J(x) can be bounded independent of hx o [15]. In
fact, for z;, xp € B(z,d) and x; # x, the balls B(z;, gx) and B(xg,gx) are disjoint. All
of these balls with z; € J(x) are contained in the ball B(x, gx + 0). It is clear that

Vol( U B(ch,qx)) < VOI(B(x,qX —|—6)),
jeJ(x)
which simply gives #.J(z)¢% < (6 + gx)%

2C5hx o, we have

Using the quasi-uniform condition and § =

#J(l‘) < (1 + 202Cqu)d = C#.

Lemma 3.6. If the weight function ¢ satisfies the assumptions of Lemma 3.5, then for

a fized but arbitrary evaluation point T € Q we have
IDYA®)| < Cahy'a), Vo with o] <m, (3.12)

where Cq, is a constant matriz independent of hx q.
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Proof. Equation (3.11) gives

N ~ ~
DaAi,k(I) == ZDawj(I)pi (zj — (ﬂ) Pk (xj _ x> .
j=1

hx o hx o

Evaluating at Z, taking absolute value from both sides and using ||z;—Z||2 < 6 = 2C2hx o

we obtain
N
DA, 1(3)] < O [D%w; (3)] < CCxCahye.
J=1

This completes the proof. O

Since A(x) is positive definite for all x € €, all eigenvalues are real and positive. If
the basis (3.8) is employed, we can prove that the smallest eigenvalue of A(z) has a lower
bound away from zero and independent of hx . Proving this assertion helps us to find
a bound for |[D*A~!(x)|. First, recall

vl A(z)v
Amin(A(z)) = min  —27 3.13
(A(2)) e T (3.13)
for symmetric matrix A(x). Since A(z) is also positive definite, we necessarily have
Amin(A(z)) > 0. To bound Apin we follow some parts of Melenk’s argument [21] and the

concept of norming sets presented in Appendix .1.

Lemma 3.7. Suppose that the bounded set Q C R? satisfies an interior cone condition
with radius v and angle 0 € (0,7/2). Let X = {z1,...,zny} C Q has fill distance
h = hxq and satisfies h < r/Cy =: hy where Cy is defined in (3.6). Suppose that
0 = 2C5h is the size of supports of the weight functions, and for a fized but arbitrary
T in Q the set {x; € X : j € J(@)} is P -unisolvent. Then there exists constant C)
independent of h such that

Auin(A(E)) = Cy >0,

provided that the shifted scaled basis functions (3.8) are employed.

Proof. Let v* € R?, v* # 0, be a vector at which the minimum in (3.13) occurs for

x = 7. Define (z—7)
n(z) = Y o (3.14)

hlel
la|<m
Now using (3.11) we simply have
N
vTA@) =D wi (@) (x;).
j=1

9



Since {z; : j € J(Z)} is P -unisolvent, the functionals Z = {6, : j € J(Z)} form a
d

norming set for PZ | i.e. there exists an injective mapping 7 : P4, — T(P%) C R#J(@)
where T'(p) = (p(xj))jeJ@) (See Appendix .1). Set Z allows us to equip P¢, with an

equivalent norm via the operator 7. We define the norm on R#/(*) by

I3 = Y wi@pP(z;),

jed (@)

and the norm on PZ by the infinity norm. Using the properties of norming sets and

setting p = m, we have
1
> — = 5)-
2w = ||T71|| ||7T||OO,B(13,5)

I

Obviously, the set OB(Z,h) = {z : ||z — Z|| = h} is a subset of B(Z,d). Definition of 7 in
(3.14) ensures that the values of © on OB(Z, h) are independent of h, because h will be
canceled from the numerators and the denominators. In fact ||7[|o,05(z,5) is bounded

from below by a positive factor times [[v*[|1 := >, <, [v4 |, and thus we have

17lloo,B@.5) = ITllss,0B@,n) = Crllv™]l1 = Crllv™|l2,

where C; is the mentioned factor which is independent of h. The last inequality follows
from the standard relations between one and two norms in R?.

It remains to bound |7~ !|. By assumptions, €2 satisfies a cone condition with angle
0 and radius r, and h < r/Cy. The later gives 6/2 < r. Of course the cone condition
will be obeyed if we use any radius less than r. Thus for every Z € (2, there exists a cone
C@) = C(7,£0,0/2) C QN B(Z,§/2), and using Lemma Appendix .2 there exists a

closed ball

~ 1 sinf
B = B(z, pd z =0
(@,p0) CC@), P=57 G
We are going to prove
IPllsc.B@.0) < Cillplloo 5 < Clp(zs)|, @ € B C B(2,6/2), (3.15)

m

for all p € P4 . Using Lemma Appendix .4, the first inequality satisfies with O} = (%)
To prove the second, let |p||. 5 = Ip(za)l, for zp € B. Since ball B itself satisfies
an interior cone condition with radius pd and angle w/3, Theorem Appendix .3 can be

applied provided that h < %. One can easily check that this condition is always
. 2 2
satisfied because § = 2C>h = 32}"(1;;?+2)m. The proof of the mentioned Theorem shows
that there exists a point zy € X N B such that |p(zx)| > 3|p(zam)| = %HPHOOJ;. Thus in
- _
(3.15) the constant C' can be chosen as Cyp p, := 2(%)’”. Letting
Win := min _ $(s),

s€[0,1/2]

10



we can write

N
Wain P30, 5(z.5) < O3 mwrlp(@)l® < CF o D wilp(@))* = CF pulplI3 0
j=1
which immediately gives
_ C,
1771 < ——==.
wll’lln
Summarizing all, we have
~ U*A(f)v* H’]T”% w 02 u}mincv2
Amin(A(Z)) = = : s T —. Cy,
mnA@) = T el Z e e, O
which completes the proof. O

Remark 3.8. The unisolvency condition in Lemma 3.7 is a mild condition, because in
most cases if () satisfies a cone condition then Q N B(x, ), x € €, also satisfies another
cone condition and for sufficiently small hxnp onp Theorem Appendix .3 ensures the

unisolvency.

Remark 3.9. The role of “shifted” and “scaled” basis functions (3.8) is crucial to bound
Amin away from zero and independent of hx o. Otherwise, experiments show that Amin
tends to zero when hx o — 0. See section 6 of [25] for numerical results.

Lemma 3.10. With the notation and assumptions of Lemmas 3.7 and 3.5, we have
|IDYA™Y(Z)| < Coh71%, Y with |o] < m, (3.16)
where Cy, is a constant matriz independent of h = hx q.

Proof. Taking the derivative of both sides of the well known relation A~!(z)A(x) = I

and evaluating at Z, we obtain

DA @) = -AT'@) Y <a) D PAF)DP A~ (7). (3.17)

B<a
B

Induction on || can be used to prove the desired result. The first step in induction is

considered by choosing 3 = e;, the unit vector with 1 in j-th place. We simply have
Dé A = —A~Y (D% A)A~". Since |e;| = 1, equation (3.12) yields

DA™Y < |ATH AT AT,

where (] is a constant matrix. From matrix computations, there exists a constant matrix
C € R@*Q guch that |[A~!| < C||A7Y||2 holds. Since A is symmetric positive definite, we
have

Ch! C
DAY S Ch YA 2 = o——~ < -1

min

)
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which yields the starting point for induction. Now we suppose that [D?A~1| < Ch~ 17l
holds for all § < a and 8 # «. Employing (3.12), equation (3.17) gives

|DaA_1\ < |A_1\ Z (g) Caﬁhlﬁ\—la\cﬁh—\ﬂ\ < Cah_l(",

<
Ba

which completes the proof. O

Theorem 3.11. The shape functions aj, j = 1,..., N, from the MLS approzimation

possess the following stability condition for |a| < m,
N
Z |D%a;(x)| < Cl,ah)_(l,gl, Yz eQ,
j=1

where C o is independent of data site X, provided that all assumptions of Lemmas 3.7
and 3.5 are satisfied.

Proof. Let h = hx . First, from (3.10) we have A(z) = A~ (2)b(x) and thus for a fixed
but arbitrary Z € Q

DAN@) =Y <f7‘) D*MA~Y3) D"p(Z), Va with |a| < m.

n<a
Since z = &, obviously all entries of vector D"p(Z) are zero except the n-entry which is
nh=I"l ie. D'p(z) = n!h_‘"‘en, where e, is a unit vector with 1 in n-th place. Now

using (3.16) we can write for a constant matrix Cy

RRYGIESY (O‘> Conhl=10le, n=11 < Coh~lel,

N

Q@
where the vector C, is a bound for Z ( )Cawen. Now, taking the derivatives of both
n<a
sides of equation (3.9) one obtains

D%a;(z) = Z (0‘> D w; (z) Z D")\g(x)h_lﬁl(xj —7)?

n<a | N7 1Bl<m

Evaluating at ¥, applying the bounds of D"A\3(Z) and D* "w;(Z) and using the fact
that |z; — 2]% < A8l we finally have

Da(@)] < 3 <O‘)ca,nh"|a S Gyl 18l 48
0

N [B]<m

< Cuh™lol,

which completes the proof. O
12



Theorem 3.11 establishes the second property of the local polynomial reproduction
system {Da;}. This will help us to estimate the error function in MLS approximation.
First we note that a region with a Lipschitz boundary automatically satisfies an interior

cone condition. More details can be found in [29].

Theorem 3.12. Suppose that Q C R? is a bounded set with a Lipschitz boundary. Let
m be a positive integer, 0 < s < 1, p € [1,00), q € [1,00] and let a be a multi-index
satisfying m > |a| +d/p for p > 1 and m > |a| +d for p = 1. If u € W)""*(Q),
there exist constants C > 0 and hg > 0 such that for all X = {z1,..., x5} C Q with

hx o < min{hg, 1} which are quasi-uniform with the same cqu in (3.5), the estimate

m—+s—|a|—d(1/p—1
[ < ORI a0y e (3.18)

~ Su,X ||W4‘*'(Q)

holds. Here (z)4+ = max{z,0} and s, x is the MLS approzimation of u on data site X
in which the corresponding weight function satisfies the assumptions of Lemma 3.5, and

the shifted scaled basis polynomials (3.8) are employed.

Proof. Since €2 is bounded and has a Lipschitz boundary, we can use the continuous

extension operator
Eq : W (Q) - W (RY), 1< p< oo,

to extend any u € W"*#(Q) to a function v := Equ € W}"*(R?), with v|q = u. Since

the extension is continuous, we have
[Vl may < Cllallpmts - (3.19)

The case s = 0 was constructed by Stein [30] and works also for p = co. DeVore and
Sharpley [31] have proved this extension for the fractional order spaces.

First we prove (3.18) for g € [1,00). The case ¢ = oo will be discussed later. Let the
Lipschitz domain €2 satisfies a cone condition with angle 6 and radius r. Assuming hg =
r/C5 in (3.6), we first bound the error over subdomains By, = B(x,0)NQ, k=1,..., N,
for 6 = 2C3hx o where hx o < min{hg,1}. At the end, we will extend the error bound
over entire Q. Let Dy = B(xy,20), k =1,...,N. Clearly, D; ¢ Q in general. But Dy,
is star-shaped with respect to a ball B C Dy, with chunkiness parameter v = 2. Now
let p = Qmv € P4, be the Taylor polynomial of degree m of v on D}, averaged over B.
The reader should care about the letter p, which has been employed for both polynomial
and Sobolev notations. Using the properties of the stable local polynomial reproduction

{a;}, we can write for z € By,

N
w(@) = su,x () = u(z) —p(z) + Z a; (@) (p(x;) — u(z)),

13



. «
and in WJ | norm,

(3.20)

N
= s x Iyt s,y < e = Bllyot s, + | > 05()ple) = u(z) [N
j:

Using the facts that z; € Dy and v|g = u, the second norm on the right-hand side can
be bounded as below

N
H Zaj(')(P(xj) - u(xj))

q

wle \(B) Z HZDﬁa] U(%))

BI<lal =1 La(Be)

N
Cdly 0=l e,y S (max 3 [D%a;(2)])"

TEB) £
1BI< ]l j=1

Cd, |[v=pllipy D Crohy'o?
181< ]

d
< Cad K0 =Dl -

where we use

|3 Dy ptas)  wto)|

A (Z [D%a;(@)] o) ~ulay)]) "d
<||U—p||(2m(D (maxZ}D,Ba] )LJ/B iz,

which together with ka dx = vol(By) < cd%k gives the inequality in the second line.
The inequality in the third line follows from Theorem 3.11. The last estimate satisfies
because hy o <1 and |a| > |5]. Thus from (3.20) we can write

d —
lu = su,xlypietgs,y < It = Pllygel s, + Cadi A g 0 = Dl (s

To bound the both terms on the right-hand side of inequality above, first by (3.1) we
have

m-+s—d
I = Plli < edp” P lelygp,):
Then, since By, C Dy, (3.4) leads to

|l

- p”w{!a\(gk) < ||U _p“W,;a‘('Dk)

m+s—|al+d(1/q—1/p)
§ C de |U|Wl7)n+s(/Dk).

If we assemble everything up to this point and use the facts that dg, < 2 and dp, = 49
we get
m+s—|al+d(1/q—1
e = sux et 5, < ChXG D gt - (3.21)
14



Now we should extend this bound over entire 2. Since § = 2C2hx o and Cy > 1/2,
for every z € Q there is a center x; € B(z,§) N Q. This clearly shows Q = UN_ By C
U{c\[:le =: Q*. First, since D, C Q* we have

N
Dﬁu DPu(y)P
OIS 35 3 L e ey
k=1 k= 1|g| Dy, Y
|D5u — DBu(y)|P
Z Z / / —y|dtps dzdy
k=1]8]=
|DPu(a) — DPu(y)|?
-3 [ (S ) [, P2

where yp denotes the characteristic function of the set D. Note that n(z) := Z,Ij:l XD, (%)
is the number of subdomains Dy containing x. This function can be bounded by a con-
stant because X is a quasi-uniform set. In fact n(x) is the number of points zj, located
in the ball B(z,26). Since this ball is contained in a cube of side-length 45 /v/d, we can

write
46 d SOthgc ! 8¢, 02 d
1< (1) < (o) (sene)
Vidgx \/ghx,sz Vd
Thus we have

N
| DAu(z) — DPu(y)|P

=
= Clvl

Ws ()

Now applying (3.21) and the above bound we can write

N 1/q
— _ q
||U Su’XHW(;QI(Q) < (2 ||U Su’XHW{la(Bk))
1/q
m+8 la|+d(1/q—1/p)
S Chy (Z |U|W’”*“(Dk)>

1/p
m+s la|+d(1/q—=1/p) Ar(1/q—1/p)
< Chy N\V/a=2/P)+ (E |U|W1,L+5(Dk)>

< ORI D) D

m+s—|a|—d(1/p—1/q)+
SChxo [0lwmts (n)

N

m+s—|a|—d(1/p—1
ORI A D g

+s—|a|—d(1/p—1
éC’h”XiQS la|—d(1/p /q)+HU||W;n+S(Rd)~

15



The bound on the third line above follows from standard inequalities relating p and ¢
norms on finite dimensional spaces where ()1 = max{z,0}. In the fourth line, to bound
N by the fill distance, let dg be the diameter of €2. Since 2 is bounded, there exists a
cube of side length dq/v/d that contains Q. Thus

do \? Cquda \? —d
Ve () < ()
Vdgx Vidhx o 0
In the fifth line, we have used the identity d(l/q—l/p) —al(l/q—l/p)+ = —d(l/p—l/q)+.
Finally, we invoke the norm equivalence property (3.19) to get the final bound

+s—|al—d(1/p—1/q)
||’LL — Su’XHW(LQ\(Q) < Ch;’ﬂs @ P+ ||’LLHW;n+S(Q).

The case ¢ = oo can be proved in a similar way, because (3.4) can be used for ¢ = oo to

bound the first term in (3.20), and the second term can be simply bounded by

wle!(By) S Ch;(‘vgllnv - p||L°°(Dk)'

| iajc)(p(xj) ~ u(zy)) |

The reader can continue the proof to get
+s—|a|—d
e = sux lyptet gy < CRx 6TV s -
O

Remark 3.13. According to Remark 3.4, one can easily proceed with the proof of Theorem

3.12 (by doing some modifications) to get the estimation
m+1—|o|—d(1/p—1
= sux g1 ) < ChYG A=A | i g, (3.22)

provided that m +1 > |a| +d/pforp>1and m+1 > |a| + d for p = 1.

4. Application to Galerkin method for PDEs

As an application, we consider the second order elliptic partial differential equation

d
-2 a‘ <“ij§2> (@) +c(x)u(z) = f(z), ze, (4.1)

d
Z ﬁlj(x)gg(a:)nz(x) +b(z)u(x) = g(x), x € 09, (4.2)

where  is a bounded domain with Lipschitz boundary 09, and k;;,¢ € L>(Q), f €
L*(Q), aij,b € L®(09Q), g € L*(02) and n is the unit normal vector to the boundary

99Q. Matrix K (z) = (k;(x)) is assumed to be uniformly elliptic in €2, i.e. there exists a
16



constant 7 such that for all z € Q and all a € R? we have o K (z)a > v||a|3. Moreover,
we assume ¢ > 0 and b > 0, and at least one of them is uniformly bounded away from
zero on a subset of nonzero measure on ) or 9N, respectively. Under these assumptions
the weak form of equation (4.1) together with boundary condition (4.2) is a(u,v) = £(v)
where a(u,v) : W3(Q) x WH(Q2) — R is a coercive and continuous bilinear form defined
by

d
ou v
a(u,v) = E Kii———— +cuv | dQ) + buv dl’,
(w2) /Q =1 ! Ow;j Ow; aQ

and £ : W3 (2) — R is a continuous linear functional defined by

e(v):/gfvd9+/mgvdr.

Using the Lax-Milgram theory, the corresponding variational problem
find u € W3 (Q) such that a(u,v) = £(v), for all v € Wy (Q), (4.3)

admits a unique solution v and the solution is continuously depended on data ¢. This
problem has been analyzed in [32] using radial basis functions interpolation.

To find the numerical solution we use the same Galerkin method as in the classical
finite element method. The approximation solution is sought in a subspace generated by
MLS shape functions. We define for quasi-uniform set X = {z1,..., 2y} C Q

Vn = span{ai,az,...,an}
as a subspace of W4 () and solve the discretized problem
find uny € Vi such that a(un,v) = £(v), for all v € V. (4.4)

Of course this step concerns the computation of domain and boundary integrals, which is
the most difficult stage of the procedure. But we assume that all integrals are computed
accurately and seek a bound for the error [[u —un ||y () for the function u € W3t (Q)

where m > 14 d/2 and 0 < s < 1. Our analysis allows to consider functions that are

less smooth than the functions in W5"**(Q). First, recalling the Cea’s Lemma we have

o= ullw o < € inf = vl o,
where C' is a generic constant. Since s, x € V, we obtain
lu = unllwy ) < Cllu—suxllwg @)

which leads to the following corollary.

17



Corollary 4.1. Let Q C R? be a bounded domain with Lipschitz boundary, and m be
an integer satisfying m > 1+ d/2 and let s € [0,1). Suppose that u € W3""5(Q) is
the solution to the variational problem (4.3) and uy € Vi is the solution of discretized
problem (4.4) where Vi is constructed by the quasi-uniform set X = {x1,...,xn} C Q,
the weight function ¢ satisfying assumptions of Lemma 3.5, and the basis functions (3.8).
Then there exist constants C and ho such that for all set X with hx o < min{hg, 1} the
estimation
lu = unllw o) < CRRE ™ Nullywmrs o

holds.

Finally according to (3.22) and discussions before Corollary 4.1, if integer m satisfies
m > d/2 and u € W3 (Q) then the error bound

lu — unllwg @) < ChZ ol oy

holds.
The orders are the same as those for classical finite elements. In both cases we can

use the technique of Nitsche to estimate the error in L?-norm.

5. Numerical examples

Since there are extensive numerical examples in literature, here we will restrict our-
selves to a couple of examples, in which we will concentrate on the predicted orders of
the errors in (3.18) and (3.22).

We consider the following example

u(z) = ||x||§‘, z e cRY

where A is a real parameter and €2 is a bounded region around the origin. It is well known
that
ue Wy (Q) <= A>71—d/p.

We let p = 2 and Q = [-0.5,0.5]> C R?, and we assign two values 1.5 and 3 to A.
According to the theory, in the first case we set m = 2 and examine (3.18), and in the
second case we set m = 3 and examine (3.22). In both cases a regular mesh distribution
with the fill distance A is used as a set of centers, the compactly supported C* Wendland’s
function ¢(r) = (1 —7)%.(35r2 + 18r + 3) is employed as a weight function, and § = 2mh
is used as a support-size. Results are presented in Tables 1 and 2 for ¢ = 2,00, and
different order derivatives a. The Lg-errors are computed using a (200 x 200)-point
Gauss-Legendre quadrature, and L,-errors are computed on a very fine regular mesh of
size hy = 0.005.

As we can see, the experimental results confirm the theoretical bounds.
18



Table 1: Orders for A = 1.5 and m = 2

L, Lo

h a=(0,0) a=(1,0) a=(0,0) a=(1,0)

0.1 - — — —

0.05 2.56 1.51 1.50 0.50

0.025 2.52 1.50 1.50 0.50

0.0125 2.56 1.49 1.50 0.62

Theory 2.5 1.5 1.5 0.5

Table 2: Orders for A =3 and m =3

Lo Lo
h a=(0,0) a=(1,0) a=(2,0) o =(0,0) a=(1,0) a=(2,0)
0.1 — — — - — —
0.05 3.75 3.08 2.06 3.00 2.03 1.00
0.025 3.86 3.01 1.99 3.00 2.00 1.00
0.0125 3.88 3.00 1.93 3.00 2.06 1.00
Theory 4 3 2 3 2 1

6. Appendix

We restate the following definition, lemmas and theorem from Chapter 3 of the book
[15].

Definition Appendix .1. Let V be a finite dimensional vector space with norm || - ||y
and let Z € V* (the dual space of V) be a finite set consisting of N functionals. We
will say that Z is a norming set for V' if the mapping 7 : V. — T(V) C R" defined by

T(v) = (2(v))zez is injective. T is called the sampling operator.

If Z is a norming set for V, then T-! : T(V) — V exists and we can simply show
that
1 Tollex <IT| vllv, vy < IT7H I Tole,

which means that || - ||y and |T(-)||g~ are equivalent norms on V.

Lemma Appendix .2. Suppose that C = C(z,&,0,r) is a cone. Then for every
0 < h<r/(1+sinf) the closed ball B = B(y, hsin®) with center y = x + h& and radius
hsin® is contained in C(x,&,0,r).

Theorem Appendix .3. Suppose that Q C R? is compact and satisfies an interior
cone condition with radius r > 0 and angle 0 € (0,7/2). Let m € N be fized. Suppose
h >0 and the set X = {x1,2a,...,xn} C Q satisfy
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(1) hg rsin 6

4(14sin6)2m?2’
(2) for every B(z,h) C Q there is a center x; € X N B(x, h);

‘Q and the inverse of associated sampling

operator is bounded by 2. In fact for every p € P there exists x;, € QN X such that

then Z = {6z,,--,0zy } is a normig set for P4

Ip(xk)| = plloc,- If b = hx,q, the second item is automatically satisfied.
Note that, the functionals Z = {64,,...,0z,} form a normig set for P4, if and only

if X is P4 -unisolvent.

The following Bernstein inequality can be easily proved by using the one dimensional

Bernstein inequality

Hp”oo,(fp,p) g pme”OO,(*Ll)? vp € P;n'
Details of the proof can be found in [21, Lemma B.4].

Lemma Appendix .4. Assume that By and Bs are two balls of radius py and ps,
respectively, and By C By C R?. Then

2p2 m d
HpHOO,Bz < z ||pHOO7Bl7 Vp S Pm~
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