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Abstract
In this paper, we consider the following nonparametric regression model:

Yui :f(xizi)+8ni’ i=12,...,n, n>1,

where x,; are known fixed design points from A, where A C R< is a given compact set
for some d > 1, f(-) is an unknown regression function defined on A and ¢&,,; are random
errors, which are assumed to widely orthant dependent (WOD, for short). Firstly, a general
result on complete convergence for partial sums of WOD random variables is obtained,
which has some interest itself. Based on some mild conditions and the complete convergence
result that we established, we further establish the complete consistency of the weighted
estimator in the nonparametric regression model, which improves the corresponding one of
Wang et al. (TEST 20:607-629, 2014). As an application, the complete consistency of the
nearest neighbor estimator is obtained. Finally we provide a numerical simulation to verify
the validity of our result.

Keywords Widely orthant dependent random variables - Weighted estimator -
Nonparametric regression model - Complete consistency

Mathematics Subject Classification 62G05

1 Introduction

The random variables are usually assumed to be independent in many statistical applications.
However it is not a realistic assumption. Therefore, many statisticians extended this condition
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to various dependence structures and mixing structures. In this paper, we are interested in the
widely orthant dependent (WOD, for short) structure which includes independent random
variables, negatively associated (NA, for short) random variables, negatively superadditive
dependent (NSD, for short) random variables, negatively orthant dependent (NOD, for short)
random variables, and extended negatively dependent (END, for short) random variables as
special cases.

Firstly, let us recall the concepts of complete convergence and stochastic domination.
The concept of complete convergence was introduced by Hsu and Robbins [7] as follows: a
sequence {X,,n > 1} of random variables converges completely to a constant C if for all
e >0,

o0
Y P(X,—C|>¢) < oc.
n=1
By the Borel-Cantelli lemma, complete convergence implies that X, — C a.s. and so

complete convergence is stronger than a.s. convergence.
The concept of stochastic domination below will be used frequently throughout the paper.

Definition 2.1 A sequence {X,,n > 1} of random variables is said to be stochastically
dominated by a nonnegative random variable X if there exists a positive constant C such that

P(X,| >x) <CP(X > x)
forallx >0andn > 1.

Now, let us recall the concept of WOD random variables, which was introduced by Wang
et al. [27] as follows.

Definition 1.1 A finite collection of random variables X1, X, ..., X, is said to be widely
upper orthant dependent (WUOD, for short) if there exists a finite real number gy (n) such
that for all finite real numbers x;, 1 <i <n,

n
P(X1>x1,X2>x2,..., X, > x,) < gU(n)l_[ P(X; > x;). (L.
i=1
A finite collection of random variables X1, X», ..., X, is said to be widely lower orthant
dependent (WLOD, for short) if there exists a finite real number g7, (n) such that for all finite
real numbers x;, 1 <i <n,

n
P(Xi <x1,X2 < x2, .., Xy < 30) < g [ [ P(Xi < x0). (1.2)
i=1
If X1, X2, ..., X, are both WUOD and WLOD, we then say that X1, X, ..., X, are widely
orthant dependent (WOD, for short) random variables, and gy (n), g1 (n) are called domi-
nating coefficients. A sequence {X,,n > 1} of random variables is said to be WOD if every
finite subcollection is WOD.

Anarray {X,;, | <i <k,,n > 1} of random variables is said to be rowwise WOD if for
every n > 1, {X,;, 1 <i <k,} are WOD random variables.

It follows from (1.1) and (1.2) that gy (n) > 1l and gr(n) > 1. If gy(n) = gr(n) = M
for all n > 1, where M is a positive constant, then {X,, n > 1} is called END, which was
introduced by Liu [14]. If M = 1, then {X,,, n > 1} is called NOD, which was introduced by
Lehmann [12] and carefully studied by Joag-Dev and Proschan [11]. Note that NA implies
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NOD. Furthermore, Hu [10] pointed out that NSD random variables are NOD. Hence, the class
of WOD random variables includes independent random variables, NA random variables,
NSD random variables, NOD random variables, and END random variables as special cases.
So, studying the limit behavior of WOD random variables and its applications are of great
interest.

Since Wang et al. [27] introduced the concept of WOD random variables, many authors
were devoted to studying the probability limit theory and statistical large sample theory. Wang
et al. [27] provided some examples which showed that the class of WOD random variables
contains some common negatively dependent random variables, some positively dependent
random variables and some others; in addition, they studied the uniform asymptotics for
the finite-time ruin probability of a new dependent risk model with a constant interest rate.
Wang and Cheng [31] presented some basic renewal theorems for a random walk with widely
dependent increments and gave some applications. Wang et al. [32] studied the asymptotics of
the finite-time ruin probability for a generalized renewal risk model with independent strong
subexponential claim sizes and widely lower orthant dependent inter-occurrence times. Chen
et al. [1] considered uniform asymptotics for the finite-time ruin probabilities of two kinds
of nonstandard bidimensional renewal risk models with constant interest forces and diffu-
sion generated by Brownian motions. Shen [19] established the Bernstein type inequality for
WOD random variables and gave some applications. Wang et al. [29] studied the complete
convergence for WOD random variables and gave its applications in nonparametric regres-
sion models. Yang et al. [34] established the Bahadur representation of sample quantiles
for WOD random variables under some mild conditions. Shen [21] obtained the asymptotic
approximation of inverse moments for a class of nonnegative random variables, including
WOD random variables as special cases. Qiu and Chen [16] studied the complete and com-
plete moment convergence for weighted sums of WOD random variables. Wang and Hu
[28] investigated the consistency of the nearest neighbor estimator of the density function
based on WOD samples. Chen et al. [2] established a more accurate inequality for identically
distributed WOD random variables, and gave its application to limit theorems, including the
strong law of large numbers, the complete convergence, the a.s. elementary renewal theorem
and the weighted elementary renewal theorem. Shen et al. [23] obtained some exponential
probability inequalities for WOD random variables and gave some applications, and so on.
In this work, we will further study the convergence properties for WOD random variables,
and then apply it to nonparametric regression model.

Consider the following nonparametric regression model:

Yoi = f i) +&ni, i=1,2,...,n, n>1, (1.3)

where x,,; are known fixed design points from A, where A C R? is a given compact set for
some d > 1, f(-) is an unknown regression function defined on A and ¢,; are random errors.
Assume that for each n, {¢,;, 1 <i < n} has the same distribution as that of {g;, 1 <i < n}.
As an estimator of f(-), the following weighted regression estimator will be considered:

fo) =) Wui(0)Y, xeACR?, (1.4)

i=1

where Wy (x) = Wy, (X5 Xp1, Xn2, -+, Xan), i = 1,2, ..., n are the weight functions.

The above weighted estimator f,(x) was first proposed by Stone [25] and adapted by
Georgiev [4] to the fixed design case and then constantly studied by many authors. For
instance, Georgiev and Greblicki [6], Georgiev [5] and Miiller[15] among others studied the
consistency and asymptotic normality for the weighted estimator f, (x) when &,,; are assumed
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to be independent. When ¢,,; are dependent errors, many authors have also obtained many
interesting results in recent years. Fan [3] extended the work of Georgiev [5] and Miiller
[15] in the estimation of the regression model to the case where form an L, -mixingale
sequence for some 1 < g < 2. Roussas [17] discussed strong consistency and quadratic
mean consistency for f;, (x) under mixing conditions. Roussas et al. [18] established asymp-
totic normality of f,(x) assuming that the errors are from a strictly stationary stochastic
process and satisfying the strong mixing condition. Tran et al. [26] discussed again asymp-
totic normality of f,(x) assuming that the errors form a linear time series, more precisely,
a weakly stationary linear process based on a martingale difference sequence. Hu et al. [8]
studied the asymptotic normality for double array sum of linear time series. Hu et al. [9]
gave the mean consistency, complete consistency and asymptotic normality of regression
models with linear process errors. Liang and Jing [13] presented some asymptotic properties
for estimates of nonparametric regression models based on negatively associated sequences.
Shen [19] presentend the Bernstein-type inequality for widely dependent sequence and gave
its applications to nonparametric regression models. Wang et al. [29] studied the complete
convergence for WOD random variables and gave its application to nonparametric regression
models. Wang et al. [28] established some results on complete consistency for the weighted
estimator of nonparametric regression models based on END random errors. Shen et al. [24]
presented the Rosenthal-type inequality for NSD random variables and gave its application
to nonparametric regression models. Yang et al. [35] provided the convergence rate for the
complete consistency of the weighted estimator of nonparametric regression models based
on END random errors, and so on.

Unless otherwise specified, we assume throughout the paper that f;, (x) is defined by (1.4).
For any function f(x), we use c(f) to denote all continuity points of the function f on A.
The norm ||x|| is the Eucledean norm. For any fixed design point x € A, the following
assumptions on weight function Wp,; (x) will be used:

(Hl) Z?:] Wni(x) — lasn — oo;
(H2) Y71 [Wpi(x)| < C < oo forall n;
(H3) D0y Wi L= 1f (i) — fFOO T (X0 — x| > @) — 0 asn — oo foralla > 0.

Recently, Wang et al. [29] established the following result on complete consistency for
the weighted estimator f, (x) based on the assumptions above.

Theorem A Let {¢,, n > 1} be a sequence of WOD random variables with mean zero, which
is stochastically dominated by a random variable X. Suppose that the conditions (Hy)—(H3)
hold true, and

max |W;(x)] = O (n=1/7) (1.5)
<i<n

holds for some p > 1. Assume further that there exists some 0 < A < 1 such that g(n) =
Om*'P). If E|X|*PT < oo, then for any x € c(f),
fn(x) = f(x) completely, asn — oo. (1.6)
In Theorem A, the moment condition E|X|??** < oo depends not only on p but also
on A, which seems strange. We wonder whether E|X|*’** < oo could be improved to
E|X|?P < oo. In addition, whether g(n) = O(n*/7) for some 0 < A < 1 and p > 1 could
be replaced by a more general condition g(n) = O(n*) for some A > 0. The answers are
positive. Our main result is as follows.
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Theorem 1.1 Let {¢,, n > 1} be a sequence of WOD random variables with mean zero, which
is stochastically dominated by a random variable X. Suppose that the conditions (Hy )—(H3)
hold true, and (1.5) holds for some p > 1. Assume further that there exists some A > 0 such
that g(n) = o). IfE|X|2” < 00, then (1.6) holds for any x € c(f).

Remark 1.1 Comparing Theorem 1.1 with Theorem A, we can see that the moment condition
E|X|*" < oo in Theorem 1.1 is weaker than E|X|?1t* < oo in Theorem A. In addition,
the condition on dominating coefficients g(n) = O (n*) in Theorem 1.1 is also weaker than
g(n) = O(n*/P) in Theorem A. Hence, the result of Theorem 1.1 generalizes and improves
the corresponding one of Theorem A.

Remark 1.2 If g(n) = O(1), then sequence of WOD random variables reduces to the
sequence of END random variables. Hence, Theorem 1.1 holds for END random variables. In
addition, the result of Theorem 1.1 generalizes the corresponding one of Shen [22, Corollary
3.1] for END random variables to the case of WOD random variables.

2 An application to nearest neighbor estimation and numerical
simulation

In this section, we will give an application of the main result to nearest neighbor estimation
and carry out a numerical simulation to verify the result that we obtained. Wang et al. [29]
have shown that conditions (Hp)-(H3) are satisfied for the nearest neighbor estimator by
choosing k, = [n'/7 | for some p > 1, where here and below | x| denotes the integer part
of x. We immediately obtain the following result by Theorem 1.1. The details are omitted.

Theorem 2.1 Let {¢,,n > 1} be a sequence of WOD random variables with mean zero,
which is stochastically dominated by a random variable X. Suppose that f, (x) is the nearest
neighbor estimator of f(x) andk, = |n'/? | for some p > 1. Assume further that there exists
some A > 0 such that g(n) = o). IfE|X|2” < 09, then (1.6) holds for any x € c(f).

Now, we give the simulation study. The data are generated from model (1.3). For any fixed

n > 3,let (¢, &2, ...,8) ~ N,(0, X), where 0 represents zero vector and
125 -05 O -~ O 0 0
-05 125 =05 --- 0 0 0
0O -05 125 --- 0 0 0
L= : : : : : :
0 0 o --- 125 =05 O
0 0 o --- =05 125 —-05
0 0 o -~ 0 =05 125
nxn
By Joag-Dev and Proschan [11], it can be seen that (g1, €2, ..., &,) is a NA vector for each
n > 3, and thus is a WOD vector. Choosing k, = [n% | and taking the points x = i /n for
i =1,2,...,n and the sample sizes n as n = 50, 100, 200 respectively, we use R software

to compute the estimator f, (x) of f(x) with f(x) = sin(2wx) and f(x) = x2 for 500 times.
We obtain the comparison of f;(x) and f(x) in Figs. 1, 2, 3, 4, 5 and 6 as follows.

Figures 1, 2 and 3 are the comparison of f,(x) and f(x) with f(x) = sin(2wrx) and
Figs. 4, 5 and 6 are the comparison of f;,(x) and f(x) with f(x) = x?2, respectively, where
the solid lines are the true functions and the dashed lines are the estimators. From Figs. 1, 2
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Fig.1 Comparison of fn(x) and f(x) = sin(27x) with n = 50
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Fig.2 Comparison of fn(x) and f(x) = sin(27x) with n = 100
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Fig.3 Comparison of fn(x) and f(x) = sin(27x) with n = 200

and 3 we can see a good fit of the true function. There are some fluctuations in Figs. 2 and
3, that is because the value of x are divided into more fragments as n increases. Especially,
when x closes to 0 or 1, the estimator converges to the true value as n increases. Figures 4, 5
and 6 also reflect the same result, that is, the estimator converges to the true function as the
sample sizes n increases. These basically agree with the results we obtained in the paper.

3 Some lemmas

In this section, we will show some crucial lemmas which will be used to prove the main
results. The first one is a basic property for WOD random variables, which can be found in
Wang et al. [29].

Lemma3.1 Let {X,,n > 1} be a sequence of WOD random variables.

1) If{fn(-),n = 1} are all nondecreasing (or all nonincreasing), then { f,(X,),n > 1} are
still WOD.
(ii) Foreachn > 1andanys € R,

E exp {s Z Xi] <g(n) 1_[ E exp{s X;}.
i=1 i=1

The next one is a complete convergence result for arrays of rowwise WOD random variables,
which has some interest itself and plays a key role to prove the main result of the paper.
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Fig.4 Comparison of fn(x) and f(x) = x2 with n = 50

0.9

0.8

0.7

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Experiments times 500

Fig.5 Comparison of fn(x) and f(x) = x2 with n = 100
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Fig.6 Comparison of fn(x) and f(x) = x2 with n = 200

Lemma3.2 Let{X,;, 1 <i <n,n > 1} beanarray of rowwise WOD random variables with
mean zero and {a,,n > 1} be a sequence of positive constants. Suppose that the following
conditions hold:

() maxj<j<p | Xpi| < Cap a.s.;
(i) Y7y EXy; = olan);
(iii) there exists some B > 0 such that

ad s
Z g(n)e an < o0.

n=1

Then for any ¢ > 0,

o0 n
P(ZX,”- Ze) < o0, 3.1)
1

n= i=1

n
ie. Y Xpi — 0 completely asn — oc.
i=1

Proof Noting that EX,; = 0, we have by the elementary inequality e* < 1 + x + %xze” !
for x € R and condition (i) that
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E exp(ani)

IA

1
E {1 + 1 Xni + Ethﬁi eXp(ItXnil)}

o2
=1+ Et EX;; exp(|t Xpil)
L
< exp Et EX;; exp(|t Xpil)
1
< exp {EﬁeC’“nExﬁi} . (3.2)
By Markov’s inequality and Lemma 3.1 (ii), we can get that
n n
P (Z Xpi > 5) < e Eexp [r me-}
i=1 i=1

n
< gme [ [ E exp(tXu),
i=1
which together with (3.2) and condition (ii) yields that
n 1 n
P (Xl: X, > 8) < g(n)e " exp [thecm” Zl: EXZi}
1= =

< g(n)e ™ exp {%tzecm"o(a”)} ) (3.3)

B+1
&an

- +1 2 "
O O KOR

i=1

Setting t = in (3.3), we can see that

< g(mye i (3.4)

holds for all n sufficiently enough. Hence, we have by (3.4) and condition (iii) that

o n o0 8
dp (Z Xpi > 5) <) gm)e w < oo. (3.5)
n=1 i=1 n=1

It follows by Lemma 3.1 (i) that {—X,;, | <i < n,n > 1} is still an array of rowwise WOD
random variables with mean zero. Hence, we have by (3.5) that

> P (Z Xpi < —e) < . (3.6)

; 28)=P<ani28)+P<iXm‘§—€>- (3.7)

i=1

Therefore, the desired result (3.1) follows from (3.5)—(3.7) immediately. The proof is com-
pleted. O
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The last one is a basic property for stochastic domination, which can be found in Wu [33],
Shen [20] among others.

Lemma3.3 Let {X,;,1 <i <n,n > 1} be an array of random variables which is stochas-
tically dominated by a random variable X. For any a > 0 and b > 0, it follows that

E|Xpil*I(1Xnil < b) = CILEIX|*I(IX] < b) +b*P(1X| > )],
E|Xpi|*I1(1Xnil > b) < CGEIX|*I(1X] > D),

where C1 and C, are positive constants.

4 Proof of Theorem 1.1

For any x € ¢(f) and a > 0, it follows by (1.3) and (1.4) that

|[Efn(x) — f(x)] < Z [ Wi G- 1 f (i) — FOO (Ix — x| < @)

i=1

D AW Ol - | f o) = FOO (lxni — x| > a)

i=1
iwm(x) ~1

i=1

+ S0l : (4.1)

Because x € c(f), it follows that for any ¢ > 0, there exists a § > 0 such that | f (x*) —
f(x)] < e when ||x* — x| < §. Letting a € (0, §) in (4.1), we have

Zn: Wni(x) -1

i=1

|Efa(x) = f(O)] < EZ | Wai GO+ 1 f ()] -

i=1

+Z IWai QO - 1f Geni) = FOOU ([ xni — x| > a).  (4.2)

i=1
By (4.1) and (H1)—(H3), we can get that for any x € c(f),
nlij;o Efn(x) = f(x). 4.3)

Noting that W,,; (x) = W,,; (x)* — W,,;(x)~, so without loss of generality, we assume that
Wyi(x) > 0 and maxj<;<, Wpi(x) < n=1/P for any x € c(f). In view of (4.3), to prove
(1.6), we only need to show

n n
fu(x) = Efy(x) = Z Whi(x)en = Z T,; — 0 completely, asn — 00,

i=1 i=1

n

Z Tni

i=1

n=1

> s) < oo foranye > 0, 4.4)
where Ty,; = Wy (x) - €.
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For any ¢ > 0, take ¢ such that p < ¢ < 2p and denote fori = 1,2,...,nandn > 1
that

Xpi(1) = = I (eni < —n0) + eni L (leni] <n7)+n71(eni > nt),
X,i() = (eni — 1) (17 < e0; < en'/P/N),

Xpi(3) = (6ni + 1) (=t > e, > —en'/PN),

Xpi(4) = (60 — 00 (eni > en'/? /N + (eni +n'/P) 1 (eni < —en'/P/N),

where N is a positive integer, whose value will be specified later. Noting that X,,; (1) +
Xni(2) + X, 3) + X, (4) = &,i, we know that
- 3
D Wai ()X ()] > 4>
i=1

o0 n 4 oo
> r ([~ e) <3
n=1 i=1
=h+h+h+1 (4.5)

j=1n=1

Thus, in order to prove (4.4), we only need to prove I; < oo for j =1, 2,3, 4.
First, we will prove I} < oo. Noting that Ee; = 0, we have by Markov’s inequality,
condition (H>) and Lemma 3.3 that

n
D Wi () Eenil (|eni] < n'/?)
i=1

n
< a4 Wi ()P (lei| > n'/7) +
i=1

> Wai () EXui (1)

i=1

n
> Wai(0)EeiI(lei| > n'/?)

i=I

n
=n"1Y Wy ()P (& > n'/7) +

i=1

n
<2 WuEIXII(X]| > n'/4)

i=1

n
< 20PN S WL (O EIXPPI(X| > n'/Y)
i=1

< CE|X|*Pn=@r=D/1 5 0, asn — oo,

which implies that for all n large enough,

> Wai () EXpi(1)

i=1

&
< —-.
8

Thus, to prove I1 < oo, we only need to show

o

>

n=1
For fixedn > 1 and x € c(f), we can see that {W,;; (x)(X,;; (1) — EX,; (1)), 1 <i < n}are
still mean zero WOD random variables by Lemma 3.1. To prove (4.6), we will make the use
of Lemma 3.2, where X,; = W,,; (x)(X,i (1) — EX,; (1)) and a,, = (log n)~!. Now, we will

check that all conditions of Lemma 3.2 hold true.
Since p < ¢, we can get that

D Wi () (X (1) = EX,i (1))

i=1

>Z><w. (4.6)

1/
max |Wa; (x)(Xni (1) — EXpi(1)] < 2:17/; = O0((logn)™") = O(ay), 4.7
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which implies that condition (i) of Lemma 3.2 satisfies.
Noting that E|X|21’ < oo implies EX? < o0, since p > 1, we have by Lemma 3.3,
condition (H>) and (1.5) that

A

Y EIWi () (Xni(1) = EXpi ()2 < 3" WEEEX2, (1)
i=1 i=1

n
2
= max Wai(0) ) Wai () Ee;
<cn VP = o(ogn)™h, 4.8)

which implies that condition (ii) of Lemma 3.2 satisfies.

For condition (iii) of Lemma 3.2, noting that g(n) = O (n®) for some § > 0, so we only
need to choose 8 > 1. In this case, condition (iii) of Lemma 3.2 satisfies. Therefore, (4.6)
follows from Lemma 3.2 immediately, and thus, /; < oo holds.

Next, we will show that /> < co. By the definition of X,,; (2), we can see that0 < X,,; (2) <
snl/P/N. On the other hand, we have 0 < W,;(x) < l/nl/”. Hence, for any ¢ > 0,
‘Z?:l Wm-(x)X,,,'(2)’ = Y Wai(x)Xni(2) > e/4 yields that there exist at least N's
nonzero X ,; (2). Thus, we have by the definition of WOD random variables and E|X 2P < o0

n
D Wi () X, (2)

that
&
: ( - )
“ 4
i=1

<P (there exist at least N's nonzero X,,; (2))

< Y PXui(2) #0. X,y (2) #0. ..., Xpiyy (2) #0)
1<ij<iz<--<iy=<n

< Z P (e4i, >n1/q,sm-2 >n1/‘1,...,8mN >n1/q)
1<ij<iz<--<iy=<n

<gm) > Plewy > n'Peniy > n'/9) - Pleniy > n'/)

I<ii<iz<-<iy<n

n N
=& [ZP(&' > nl/q)} < g [nP(X] > n'0)]"

i=1
< g(n)n=Cr/a=DN, (4.9)
Noting that g(n) = O (n®) for some & > 0, we have by (4.9) that

IzziP(

n=1

D Wi (X)X, (2)

i=1

o0
> Z) <CY W @lN S (4.10)

n=1

: g+
provided that N > =g

For I3,dueto —en'/P /N < X,,;(3) < 0and0 < W,; (x) < 1/n"/P, |37 Wi (x)(X0i 3)
= — Y7 | Wai(x)X,,;(3) > ¢ implies that there exist at lease N's nonzero X,; (3). Analo-
gous to the proof of I < oo, we have I3 < co.

At last, we will show that 14 < oco. Noting that E|X|2P < 00, we have
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I = Y P ([ Wa X >

n=1 i=1
o0 n

<Y ) Peil > en'/?/N)
n=1i=1

oo
< CY nP(X|>en'?/N)
n=1

< CE|X|?? < oo, 4.11)

which implies that /4 < oo. Thus, (4.4) follows from (4.5) and I} < 0o, I, < 00, I3 <
00, 14 < oo immediately. This completes the proof of the theorem. O
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