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Recently, the spherical data processing has emerged in many applications and attracted a lot of attention.
Among all the methods for dealing with the spherical data, the spherical neural networks (SNNs)
method has been recognized as a very efficient tool due to SNNs possess both good approximation
capability and spacial localization property. For better localized approximant, weighted approximation

should be considered since different areas of the sphere may play different roles in the approximation
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process. In this paper, using the minimal Riesz energy points and the spherical cap average operator,
we first construct a class of well-localized SNNs with a bounded sigmoidal activation function, and then
study their approximation capabilities. More specifically, we establish a Jackson-type error estimate
for the weighted SNNs approximation in the metric of L[ space for the well developed doubling

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Spherical data abound in geophysics, astrophysics, computer
graphics and other areas. These data are used to synthesize a func-
tion with a certain purpose (regression, classification, clustering,
etc.). Generally, to implement a synthesizing process, a set of pa-
rameterized functions called the approximation model should be
specified in advance. Such a model is commonly selected to en-
code the prior knowledge of the data, and has significant influence
on the performance of the synthesizing process. To measure the
performance of the selected model, the approximation capability
is one of the most important factors.

The spherical approximation model can be generally repre-
sented as a span of some basis functions,

FHy = {Za,g,-(x) 1a; € R} ,

i=1
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where g;(i = 1,...,n) are functions defined on the unit sphere
$¢ ¢ R, The approximation capability and other attributions of
J, are obviously determined by the properties and structures of
gi. For example, if gj(x) = ¢(x; - X), where ¢ is a positive definite
radial function (Wendland, 2005) and {x;}, is a set of spherical
data, then #¢, is the spherical basis function model (Narcowich &
Ward, 2002). Up till now, we have witnessed enormous emergence
of spherical approximation models such as spherical polynomials
(SPs) (Brown & Dai, 2005; Dai, 200643, 2006b; Ditzian, 2004; Wang
& Li, 2000; Xu, 2005), spherical basis functions (SBFs) (Freeden,
Gervens, & Schreiner, 1998; Jetter, Stokler, & Ward, 1999; Mhaskar,
2006; Mhaskar, Narcowich, & Ward, 1999; Narcowich, Sun, Ward,
& Wendland, 2007; Narcowich & Ward, 2002) and spherical neural
networks (SNNs) (Lin, Cao, Chang, & Xu, 2012; Lin, Cao, & Xu, 2011;
Lin, Zeng, & Xu, 2014; Mhaskar, Narcowich, & Ward, 2000, 2003).
All of them have been proved to possess universal approximation
property (Lin et al., 2011; Sun & Cheney, 1997; Wang & Li, 2000).
However, on one hand, the localization theory (Freeden & Michel,
1999) shows that SPs are rarely spacial localized and therefore
incapable of representing local features of some phenomena,
which are particularly important in the studies of geodesy and
geophysics (Freeden et al., 1998). On the other hand, the data-
dependent property of SBFs leads to poor approximation capability
provided the spherical data are “badly” located (Levesley & Sun,
2005).


http://dx.doi.org/10.1016/j.neunet.2014.11.002
http://www.elsevier.com/locate/neunet
http://www.elsevier.com/locate/neunet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neunet.2014.11.002&domain=pdf
mailto:jsh.zeng@gmail.com
http://dx.doi.org/10.1016/j.neunet.2014.11.002

58 S. Lin et al. / Neural Networks 63 (2015) 57-65

Under this circumstance, SNNs come into our sights. SNNs can
be mathematically expressed as

Na() =) _co(hi(x), x€S, (1.1)
i=1

where h; : S — Ris a hidden processing function, ¢; € R is an
output weight,and o : R — Ris an activation function. We denote
by @, ,, the family of SNNs formed as (1.1), i.e.,

Bon = {Na®) = Y _cio(hi(x) : ; € RY .
i=1

It is easy to see that SBFs are special types of SNNs in which h;(x) =
X; - x and o is (conditional) positive definite. Another widely used
SNNs are to take hj(x) = w; - X + b;, where w; € R¥*t"and b; € R.
For such SNNs, Lin et al. (2011) found that there exists an activation
function such that the approximation capability of SNNs can be es-
sentially better than that of SBFs. More recently, Lin et al. (2012)
constructed a well-localized SNN via introducing a hidden pro-
cessing function. Such a hidden processing function is generated
according to a general distance. Furthermore, they provided a
pointwise Jackson-type error estimate for the constructed SNNs.

Although, the SNNs constructed in Lin et al. (2012) (see also Lin
etal., 2014) have been proved to possess both good approximation
capability and localized property, there are still certain flaws that
should be remedied. At first, the SNNs proposed in Lin et al.
(2012) were constructed based on the spherical data, which makes
the approximation capabilities of the corresponding SNNs depend
heavily on the geometric distribution of the data. Secondly, the
approximation result was only available to continuous functions.
At last, as a well localized approximant, weighted approximation
capability should be analyzed since different areas of the sphere
may play different roles in the approximation process.

The main purpose of this paper is to construct a similar SNNs
approximation model to overcome the above flaws, and then
develop the corresponding theoretical results. The main novelty
can be concluded as the following three aspects. Firstly, the
SNNs constructed in this paper are based on the minimal s-
Riesz energy points (Kuijlaars & Saff, 1998) with s > d — 1.
Thus, the approximation capability of the SNNs depends on the
number of neurons rather than the geometric distribution of the
spherical data. Secondly, using the well developed spherical cap
average operator (Ditzian & Runovskii, 2000), we prove that the
constructed SNNs can approximate arbitrary pth (1 < p < 00)
Lebesgue integrable functions defined on the sphere. Thirdly, we
study the weighted approximation capability of the well spacial
localized SNNs. Specifically, we establish several Jackson-type
inequalities for the constructed SNNs with respect to the so-called
doubling weight (Dai, 2006a).

The rest of this paper is organized as follows. In the next
section, we provide some preliminaries including doubling weight,
minimal s-Riesz energy points, and spherical cap average operator.
In Section 3, we construct the SNNs and deduce weighted Jackson-
type inequalities. In the last section, we present the proofs.

2. Preliminaries
2.1. Doubling weight

A weight function W on $¢ is called a doubling weight (Dai,
20064, 2006Db) if there exists a constant L > 0 (called the doubling
constant) such that, for any x € $¢ and t > 0,

WD 20) = = wmdow) <Lz [ wedow)

d Jp(x,2t) d JD(x,t)
= LW(D(, t)), (2.1)

where D(z, 8) denotes the spherical cap with center z € S and
radius 6 > 0:

D(z,0) :={y € §* : arccosy - z < 6},

and dw denotes the surface area element on S¢. Furthermore, we
denote by £24 and D() the volumes of S¢ and D(z, 8), respectively.
A simple computation yields that

I7) fd 2 2
d = w = >
sd r&h

and

0
D) = :zd_1/ sin®™ ! tdt ~ 6°.
0
Many of the weights such as the generalized Jacobi weights satisfy
the doubling condition (2.1). We refer the readers to Erdélyi (1999,
2003) and Mastroianni and Totik (1999, 2000, 2001) for more
information on the doubling weights.

To measure the approximation capability, we need introduce
the definition of weighted moduli of smoothness. Denote by
IP(S%) (1 < p < o0) the space of pth Lebesgue integrable functions
on S¢ endowed with the norms

IFI = 1f ()l oo (sey := esssup [f ()],

xesd

p =09,
and
1/p
IFlp = W O llp sty = {/d If(X)l”dw(X)} <00, 1=<p<oco.
S

Let SO(d + 1) be the group of rotations on R+, For p € SO(d + 1)
and integer r > 0, we define

Tf(0) = f(px), AL = (I = T,)'f,

where I denotes the identity operator. For an integer r > 0 and a
weight function w, the weighted rth-order moduli of smoothness
on $¢ (Dai, 2006b) is defined by

O (F, Op = sup [w(A"f) I,
PpEO:

t>0,1=<p<=oo,

where O0; := {p € SO(d 4+ 1) : max,.g arccos(x) - px < t}.If
r = 1,thenwe write w(f, t), ,, instead ofw!(f, t)p,w. Furthermore,
if w = 1, then we use w(f, t), for the sake of brevity.

If we set Wy = W;(x) and

Wn(x) = md/

D(x,1/m)

Wmdo(y), m=1,2,...,xes% (22)

then the following two lemmas can be found in Dai (2006b, Lemma
2.1) and Dai (2006b, Lemma 2.2), respectively.

Lemma 2.1. There exists a number | > 0 depending only on the
doubling constant of W such that, for arbitrary x, y € 9,
Wn(x) < C(14 marccos(x - y)'Wn(y), m=0,1,...,

where C > 0 depends only on the doubling weight constant of W.

Lemma 2.2. For 1 <p <oo,a > landt > 0, we have

o(f, at)pw, < C(p, W)(1+ mat)'aw(f, t)pw,
m=0,1,2,...,

with | > 0 the same as that in Lemma 2.1.



S. Lin et al. / Neural Networks 63 (2015) 57-65 59

2.2. Minimal Riesz energy points on the sphere

The Riesz s-energy (s > 0) associated with &, Es(&)), is
defined by (see Hardin & Saff, 2004 for example)

dolki—xl7 ifs>0
Ey(8n) 1= { X
s(En) Z—log|xi—xj|, ifs=0.
i#]

Here | - | denotes the Euclidean norm in R™!. We use &(S¢, n) to
denote the n-point minimal s-energy over $¢, which is defined as

&(S%, n) ;= inf Ei(&y),

Enesd

(2.3)

where the infimum is taken over all n-points subsets of $¢. If &, C
¢ satisfies

E«(E,) = &(S%, n),

then &, is called a minimal s-energy configuration, and the points
in &, are called minimal s-energy points. The determination of a
minimal s-energy configuration and its corresponding minimal s-
energy on S? is very important since this problem will emerge in
many fields of scientific researches such as physics, chemistry and
computer science. For further background, we refer the readers
to Dahlberg (1978), Hardin and Saff (2004, 2005), Kuijlaars and
Saff (1998), Kuijlaars, Saff, and Sun (2007) and references therein.
According to a series of work in Dahlberg (1978), Kuijlaars and Saff
(1998), Kuijlaars et al. (2007) and Lin et al. (2012), it demonstrates
that all minimal s-energy configurations with s > d — 1 satisfy the
following two lemmas.

Lemma 2.3. Let 5, := {&}_; be the minimal s-energy configuration
with s > d — 1, then there exists a constant cy depending only on d
such that

n
4 C UD (Eg, Cdn_l/d) .
i=1

Lemma 2.4. Let &, := {§}]_, be the minimal s-energy configuration
withs > d — 1, then we have

I{& € 81 : & € DL can™ D} < €,

where |A| denotes the cardinal norm of the set A, and Cy is a constant
depending only on d.

(2.4)

2.3. Spherical cap average operator

For a function f € L'(8%) and h € R, the spherical cap average
operator is defined by

f@do(y).

D(x,h)

1
By(f,x) = fu(¥) ' = —— (2.5)

D(h)
The properties of Bp(f) were developed well in Ditzian and
Runovskii (2000). Particularly, a strong inverse inequality of By (f)
was established in Ditzian and Runovskii (2000). In this subsection,
we deduce some properties of B, (f) concerning doubling weight.

Lemma 2.5. Let 1 < p < oo and f, be defined as in (2.5). Then, for
arbitrary f € LP(S?), it holds

If _fh”p,Wm < o(f, h)p,Wm~

Lemma 2.6. Let 1 < p < oo and f, be defined as in (2.5). Suppose
further &, = {x1,...,x,} is the minimal s-energy configuration

with s > d — 1. Then, for arbitrary f € LP(S%), it holds

n

> f [ (%) = fa3) P Win () deo (x)
D(xi,h)

i=1
< C(1+2mh) (0, Wpwy)"

where | is defined in Lemma 2.1 and C is a constant depending only
onpandd.

Lemma 2.7. Let 1 < p < oo and f, be defined as in ((2.5)). Suppose
further £, = {x1,...,x,} is the minimal s-energy configuration
with s > d — 1. Then, for arbitrary f € [P(S%), it holds

D(h) > " 1fa (i) — fi(xim1) PWan (%) < C(1 + mh) (o (f, D)pwy, )" -
i=2

where | is defined in Lemma 2.1 and C is a constant depending only
onpandd.

Lemma 2.8. Let 1 < p < oo and f, be defined as in ((2.5)). Suppose
further &, = {x1,...,x,} is the minimal s-energy configuration
withs > d — 1. Then, for arbitrary f € [P(S%), it holds

=3 \i=

n j—1 p
D(h) Yy (Z Ufi(x:) —fh(xH>|> Win (%) < 0P ((f, )i )"
and

n—1 N 4

D(h) Y (Z [fn (x:) —fh<x,~1)|> Win(x) < P ((f . 1)p.wim )" -
j=2 \i=j+1

where | is defined in Lemma 2.1 and C is a constant depending only

onpandd.

3. Weighted Jackson-type inequality for SNNs

In this section, we aim to construct a type of well-localized SNNs
and study their approximation capabilities.

3.1. Construction of the SNNs

The construction of the SNNs in this paper is based on the
minimal Riesz energy points, spherical cap average operator and
the general distance proposed in Lin et al. (2012). Let &, =
{x;}7_; be the n-point minimal s-energy configuration. The mesh
norm (Mhaskar et al., 1999) of =, is defined by
hz := maxmind(x, x;),

xesd J
where d(x, y) is the geodesic (great circle) distance between the
points x and y on S%. We rearrange the minimal Riesz energy points
such that d(x, xp41) < hz, k = 1,2,...,n — 1. Since 8¢ C
U?:] D(x;, hz), for arbitrary x € S there exists at least a point
y € B suchthatx € D(y, hg). If we set

k :=min{j : x € D(x;, hz)}, (3.1)

then for arbitrary x € S there exists a unique k satisfying (3.1)
such that x € D(xy, hg). Forx € D(xy,, hz) andy € D(x;), hz), we
define the general distance by

d(x,y),
Kk

0
_ D d@i, Xip1) + d(ig, X) + (x5, Y), o < ko,
d(x,y) == { i=io

Jo

D di xis1) + A, X) + d(Xig ¥), ko < Jo.

i:’(o

ko = jo,

(3.2)
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(a) Structure of SBFs.

(b) Structure of classical SNNs.

J(t(yax)

(c) Structure of classical SNNs.

Fig. 1. Comparisons with topological structures of SBFs, classical SNNs and SNNs (3.3).

Setting h = hz, the SNNs are constructed as
n—1
N2, () = fuba) + Y (air1) — ki) 0
i=1

X (d(x1, %) — d(x1, %)), (3.3)

where o*(t) := o (At) and A is a constant depending only on o
and n.

The proposed network N,’:"U can be interpreted as a model of
feed-forward neural networks with four layers:

o The first one is the input layer with finitely many inputs.

e The second one is the pre-handling layer which transforms an
input x into the general distance between x and x;.

o The third one is the handling layer with n neurons.

o The last one is the output layer.

The topological structures of SBFs, the SNNs proposed in Lin
etal. (2011) and the SNNs (3.3) are illustrated in Fig. 1.

It can be seen from Fig. 1(a) that SBFs are special SNNs
without thresholds whose neurons are set to be the spherical data.
From Fig. 1(b), we can find that the classical SNNs (Lin et al.,
2011) are three-layer neural networks whose inner weights and
thresholds need adjusting based on the data. Differently, it follows
from Fig. 1(c) that the new SNNs (3.3) possess a pre-handling
layer. It should be noted that with such an easy-tackled pre-
handling process (Lin et al., 2012), we can endow a certain spacial
localization property to the SNNs (see (3.6)).

In order to guarantee both good approximation capability and
spacial localization property of the SNNs, the activation functions
utilized in this paper are assumed to be bounded, sigmoidal and
local pth integrable:

(al) Bounded: sup;cg o (t)| < |lo|| < o0.

(a2) Sigmoidal: lim; o o(t) =1, lim;, _oo(t) =0.

(a3) Local pth integrable: o is pth integrable on every compact
subset of R.

The above three assumptions on the activation function are
very mild in the realm of neural networks. Actually, the widely
used Heaviside function ¢ and logistic function v satisfy our
assumptions (a1)-(a3), where

_J1, t=0,
o) = {o, t <0,
and

t) = .
Y (£) rpnper

The definition of the sigmoidal function o implies that there exists
anA € Z; such that

lo(t)] <n~ P ift < —AR (3.4)
and
lo(t) = 1] < n~ /P ift > Ah, (3.5)

where | is a constant defined as in Lemma 2.1.

Now, we are in a position to illustrate the spacial localization
property of the SNNs (3.3). We can rewrite N,ﬁa as follows. Define

@) =1-=0*dx,x),

Gi(x) =0~ (H(Xh x) — d(xq, Xi—1)) —o" (a(xlv x) — d(x, Xi)) )
2<i<n-—-1,

ca(®) = o™ (d(x1, %) — d(x1, Xn—1)) -

Then

n
NA, = fulxi)cix). (3.6)
i=1

If o is the Heaviside function, then for arbitrary A > 0, there is only
one c;(x) # 0. This means that N,':G(X) = fu(x;) for x € D(x;, h),
and 0 otherwise, which further shows that N, , is the piece-wise
constant function with respect to a certain spherical partition. If o
is taken as the other sigmoidal function (say, o *(t) = H_e%m ), then
we can set A to be sufficiently large such that c¢;(x) degenerates fast
when x ¢ D(x;, h). As an extreme case, we can set A = oo, and
in this case, o* is actually the Heaviside function. In summary, the
well spacial localization of N,’q‘yg can be realized by selecting either
a suitable A or an appropriate activation function o.

3.2. Jackson-type error estimate of SNNs approximation

In this part, we give Theorem 3.1, which describes the approx-
imation capability of the SNNs, N/ _, constructed in Section 3.1.

Theorem 3.1. et 1 < p < oo, m,n € N satisfying n ~ m% W,
and N;:"a be defined as in (2.2) and (3.3), and &, = {x;}{_, be the
minimal s-energy points withs > d — 1. If o satisfies(al)-(a3)and
A satisfies (3.4) and (3.5), then for arbitrary f € LP(S?), it holds

—1/d
If =N llpw < Coo (Fn™19)
where C is a constant depending only on s, I, d and p.

Regarding the SPs approximation, Dai (2006b) also established
the Jackson-type inequalities with doubling weights. Furthermore,
it can be found in Dai (2006b, Theorem 1.1) that their inequalities
hold for arbitrary rth-order moduli of smoothness. At the first
glance, it seems negative since Theorem 3.1 holds only for r =
1. However, it should be emphasized that the Jackson-inequality
in Theorem 3.1 cannot be improved to r > 1, even in the
unweighted case. Indeed, using the same method as that in Chen
(1993, Theorem 3), we can deduce that

Go (f, n_l)p <If - N,?,g lp1 < Go (f. n_])p

for d = 1. In short, since Theorem 3.1 holds for SNNs with
arbitrary activation function satisfying assumptions (a1)-(a3), the
error estimate in Theorem 3.1 cannot be essentially improved. It
means that more restrictions to o should be required to deduce
the Jackson-type inequality with rth-order moduli of smoothness
with r > 1. Moreover, it can be noted that the condition n ~ m¢?
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Fig. 2. The underlying function f (x!, x?) := x! sin(x?).

is nog stringent since the dimension of SPs of degrees at most m is
O@m°).

At the end of the section, we give a simple simulation to illus-
trate the feasibility of the proposed SNNs (3.3). For the underlying
function f (x', x?) := x! sin(x?) (see Fig. 2) defined on S', we sam-
pled n = 200 equally spaced points which is an extreme case of
the minimal Riesz s energy points with s — oo (Saff & Kuijlaars,
1997). Furthermore, to compute the integral f; (x;), we sampled an-
other 100 points in D(x;, h) and used ﬁ :';1 f(x;) to approximate
fn(x;). Under this circumstance, we can construct the SNNs with
Heaviside activation function according to (3.3) to approximate the
underlying function (see Fig. 3). As shown in Figs. 2 and 3, it can be
observed that the constructed SNNs approximate the underlying
function very well. Moreover, Fig. 4 shows the error between the

underlying function and the constructed SNNs.

4. Proofs
4.1. Proof of Lemma 2.5

From the definition of f;, it follows that

Wi = FI . = /S i) = FCOP Wan(0)deo(x)
p
\/Sd
1

B /sd D(h) Jpeehy
Let px, € SO(d + 1) such thaty = pyyx. Leteg = (0, ..., 0, 1) be
the north pole of $¢. By the Hélder inequality, for % + % =1, we

have

= Whn(X)dw(x)

_ d —
B0 D(X,h)f(v) w(y) —fx)

p

FO) —f(0) do(y)| Wn(x)do(x).

ﬁ Dmh)(f(y)—f(x))dw(wp
_ ﬁ [ T =09 '
_ ﬁ /D o U =0) dot) p
< (D(lh))p / |6 5 ) dormpot
1

p
N~ g, X. - d .
< 5@ D(eo,m'(f(pf” y) — f®)]" do(y)

Therefore,

P L / / _ p
U =W = 5 J 10 —100)]
X Wy (X)dw(X)dw(y).

Because y € D(eg, h) and py ¢, X = €p, we have pe, xy € D(x, h) and
further

W = FI2 e < (@0, Dpwn)’

which completes the proof of Lemma 2.5. H

4.2. Proof of Lemma 2.6
By the definition of fj,, we obtain
n
> A PWn0dow
D(xj.h)

i=1
. 1
— d — d
;/D(xi,h) D(h) (/l)(xi,h)f(y) o) D(x,h)f(Z) a)(z))
X Wi (x)dw(x).

p

Then,

f (pxi,x}’) dw(/oxi,xy)
D(x,h)

/ £ (py9) do).
D(xj,h)

Hence, by the Hélder inequality, we have

n 1
_ d - d
> /D |5 ( fD Jwaeo = [ e w(z))

X Wi (x)dw(x)
1
( / FO) —f (o)) dw(y))
D(x;,h)

; /D(xi,h) @

X Win(x)dw(x)

1y ~ ,
= Deh) ;/th) /[;(xi,h) F&) = £ (ox)]

X Win(x)doy)do(x).

f@dw(z) =

D(x,h)

p

p
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Then, it follows from Lemma 2.1 that the above quantity can be

bounded by

0.5
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Fig. 3. The constructed SNNs based on 200 neurons.
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D(h) i=1 /I;(xi,h) */;(Xi,h) |f(y) f (,O 8 1y)|

x (14 marccos(x - ¥))' Wy (y)dw(y)dw(x).

Furthermore, since x, y € D(x;, h), we have

(1 + marccos(x - y))' < (14 2mh).

Thus,

n
; /l;(xi,h)

1
—_— d — d
D(h) (/D(x,»,h)f(y) w(y) D(x,h)f(Z) w(2)>
X Wn(x)dw(x)

ca+amm'y” [ IO~ (o) Wado
i=1 ¢ D(xj,h

< C(1 + 2mh)! / ) 1 (o) Wn)do)
N

< CA+2mh)! ((f, Dpw,)’

Fig. 4. Error function.

Lemma 2.4, i.e.,

[ ecodoco <Y [ leoldoco <3 [ lewidow
sd-1 i=1 JD(x,h) sd-1

and pyx; € Op. This finishes the proof of Lemma 2.6.

4.3. Proof of Lemma 2.7

From the definition of fj, it follows that

p

D() Y 1fax) — futxin) P
i=2

. 1
SO R |
,-222 D(h) \ Jowi,n) @

D(xi—1.,h)

Since x;, i1 € D(x;, 2h), we have p,,_, x, € Ozp. Then

f f@dw() = / £ (0xmy) do®).
D(xi_1,h) D(x;,h)

where the last two inequalities can be easily deduced by

f@)dw(z)
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Therefore, by the Holder inequality, Lemmas 2.1 and 2.2, we have

p
D(h ot — ) e
( )Z D(h) (-/D(xi h)f(y) w(y) /D(XHJI)f(z) w(z)) )
7 | D(h) /D(x " (FO) = £ ()

< C(1+ mh) D(h)%Z/ |F») = F (Px- )]
i=2 J/D@i;h

W (x;)

X Wn (y)da)(y)
< C(1+mh) Z [(Fo) ~

D(x;,h)
< C(1+mh) / , |(F®) = f (pxxi1¥)) | Win(0)deo(y)
S

< C(+mh) (o, 20pw,)" < C(1+mh)! (o, hpw, )’ -
The proof of Lemma 2.7 is completed. W

f (Pyiniry))|” W) dew(y)

4.4. Proof of Lemma 2.8
We only prove the first inequality. The proof of the second one is

similar, we omit the details. By the definition of f; (x), we can easily
calculate that

Jj—1
> lnx)
i=2

j—1

— fu(xi—) Wi (%))

1
D(h) (j;(xi,h)f(y) w(y) /I;(Xi_1,h)f(2) a)(Z)> ’

j—1

< C(1+jmiy? Y

% . |f(y) _f (Pxi,xi_13/)|
i=2 Xi,

x W%(V)dw(v)

1
<ca +Jmh) —
D(h) Jpixy.myu..upey—y.hy

1
X W ) do ().
Thus, by the Holder inequality, Lemmas 2.2 and 2.4, we have

n [j-1 p
D(h) Y (Z Ifn (xi) —fh<x,~_1>|> Win (%))

=3 \i=2

Fo) = f (oxi )]

<D(h) Y € +jmh)
123: D(h) D(x,h)U...UD(xj_1,h)

p
x |FO) = f (ox 1Y) | Wik (y)dw(y))

< C(1+ nmh)! Z D(h)p - /
D
< [F0) = f (0 1Y) [P W) (G — 2)D(h))

< C(+nmh)' Y (-2 /

j=3 D(Xz.h)U,..UD(Xj,] ,h)

(xz,h)U.NUD(Xj,l Jh)

x [FO) = f (oxxi 1Y) | Wan(m)dw(y)

n
< C(1+ nmh)!nP~! /
j=3 D(Xz,h)U...UD(Xj_l,h)

< [f @) = f (Pxwad) || Wn@)do(y)
< C(1+nmhy?~ )" / F @) = f (P r¥)|” Win@)doo(y)
=1 /s

< C(1+ nmh)'n? /a |f(.V) —f (pXi,Xi—ly)|p
S

X Wn(@)do(y) < C(1+nmh)'n? (o(f, 2h)pw,,)"
< €+ nmh)'n? (o(f, h)pwy)" -
This completes the proof of Lemma 2.8. W

4.5. Proof of Theorem 3.1

From the definition of *, we obtain
lo*(t) — 1] < n~ /P ift > h and
lo* ()] <n~ P ift < —h. (4.1)

Forany 1 < j < N, and any x € D(x;, h), it follows from
Lemma 2.4 that there exists a constant u < C; such that

Xj—us Xj—us1s - Xjs - -+, Xjipu € DX, h).

Then it holds

d(x1,x) — d(x1, x) > h,
fork=1,2,...,j—u—1,j=2,3,...,N

and also

d(x1,x) — d(x1, X)) < —h,

fork=j+u+1,j+u+2,...,
Furthermore, from (4.1), it implies

j—u—1

Y Gl — fux)) (0% (A0, 0 — dxr, %)) — 1)
k=1

j—u—1

1
= Z o Kie1) — fn (i)
k=1

and
n—1 ‘

D () — ) o (dGxa, ) — dxa, x0))

k=j+u+1

1 n—1
< 5 2 UG —fxol.
n k=j+u+1

Therefore, we have

NJ (%) — fu(x)

n—1
= fu(x1) = fu®) + Y (a(ey1) = fi(xi)) 0
k=1
x (d(x1, %) — d(x1, X))
j—u—1

= fu(x1) = fu®) + ’Z (o (ict1) = FuX1)
x (o* (d(x1,%) —E(xl, X)) — 1)

+ i (Xj—u) — fa(x1) + ’jf: (k1) — fa(i)) o

x (d(x1,x) —H(Xl,xk)_)J

+ nf: (K1) — fa i) 0™ (d(x1, %) — d(x1, X)) -

k=j+u+1
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Thus, it follows from Lemma 2.3 that
INno = fill2 = / oo (9 = 0P Wan () deo ()
S

n

> / INno (%) = fiuX) " Win () do> ().
D(xj,h)

=1

IA

If we set Z;::io |ay| = 0 for iy < iy, then we have

INuo = fll)
n j—u—1
< Z f i) — 00+ 3 (i) — )
j=1 JDGj.h) k=1
x (o* (d(x1,%) — d(x1,x0)) — 1)
JHu
+ > (i) — fu)) o (d(x1. %) — d(x1, %))
k=j—u
n—1 p
+ Y i) — i) 0" (A1, x) — d(x1. %))
k=j+u+1

X Wn(x)dw(x).
Furthermore, since

la+b+c+dP <4 (laf’ + |b|P + ||’ + |d|P),
a,b,c,deR, 1<p< o0,

it holds

INno = fill} ,, < 4"2[{)

]u] p

Z Ui Kier1) — fa(xi0)|

k=1

i) — fn®)|°

(xj.h)

jtu p
HiolP| Y i) — i)
k=j—u
b

n—1
D i) = fiutxol

k=j+u+1

W (X)dw(x)

=4y f fa&—u) — o (0) P Win(x)dx
D(xj,h)

j=1
D i asn) = )P Wi (x)deo()

n
+atol? Y [
j=1 YD h) k=j—y
p

+<4/n”’“’)”2 f Zm,(xk“)—fh(xm Wi (0)deo (%)

D@j.h) | k=1

jtu

n 1 p

[fn ie1) — fr (i)

+(4/n' /Py Z
Dej.h) k—]+u+1
x Wn (x)da)(x)
=h+L+5L+I4
Now, we use Lemmas 2.6-2.8 to bound Iy, I, I3 and I, respectively.
Since x € D(x;, h), it follows from Lemmas 2.2 and 2.6 that

I < Co(f W}y, < Co(f,n ")} (42)

pWn ~

To bound I, we use Lemma 2.1 to obtain

n _H—U
L < 7(4||0I|)”
D(h) j=1 k=j—u

X D(h)Wp,(x)dw(x)

/ ess) — a0 1P
D(xj,h)

IA

C(1+mh)'D(h) Y fa(x0) = fulxiz1) P Win (%)

i=2

Thus, it follows from Lemma 2.7 and h ~ 1/m ~ n'/¢ that

L < CA+mhyof, b}y, < Co (f,n )0, (4.3)
To bound I3, note that
n —u P
hzarowy | $ o) — x| Wa(daro
j=1 D(xj,h) | i=1
—u p
<o “’+’)D(h)2 thho«m) — Fr®| Wi (%)) doo (x).
j=1 | i=1

Then it follows from Lemma 2.8 that
I3 < Co(f, h)j . Cor (f.n ”d)p W (4.4)
Using a similar method as above, we can obtain
Iy < CA +2m) o (f, by, Coo (f,n™ ), (4.5)

Thus, the triangle inequality

If = N2 o lpown < If = fallp.wm + s = Nt 1w

together with Lemma 2.5, (4.2)-(4.5) yield Theorem 3.1 directly.
]
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