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Abstract We investigate the strong law of large numbers (SLLN) for a large class of mean based

on the Extended Negatively Dependent (END) sequences. The sufficient conditions are obtained

for the mean of SLLN in this paper. As an important application, the SLLN of Marcinkiewicz

mean and logarithmic mean are presented immediately. In addition, we do some simulations for

the mean of SLLN based on END random variables.
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1. Introduction

It is known that the strong law of large number (SLLN) is an important research in the limit

theory. The SLLN of Kolmogorov mean, Marcinkiewicz mean and logarithmic mean can be found

in many references [1–6]. Jajte [7] studied the SLLN for large class of mean for independent and

identically distributed (i.i.d.) random variables.

Theorem 1.1 ([7]) Let g(·) be a positive, increasing function and h(·) a positive function such

that ϕ(y) = g(y)h(y) satisfies the following Assumption A:

(i) For some d ≥ 0, ϕ(·) is strictly increasing on [d,∞) with range [0,∞).

(ii) There exist a positive constant C and a positive integer k0 such that ϕ(y+1)/ϕ(y) ≤ C,

y ≥ k0.

(iii) There exist positive constants a and b such that

ϕ2(s)

∫ ∞

s

1

ϕ2(x)
dx ≤ as+ b, s > d.

Received May 17, 2019; Accepted October 9, 2019

Supported by the National Natural Science Foundation of China (Grant No. 11701004), the Natural Science

Foundation of Anhui Province (Grant Nos. 1808085QA03; 1808085QF212; 1808085QA17), Provincial Natural

Science Research Project of Anhui Colleges (Grant Nos.KJ2016A027; KJ2017A027; KJ2019A0006), Excellent

Young Talents Research Project of Anhui Colleges (Grant No. gxyq2018102) and Key Research Project of Suzhou

University (Grant No. 2017yzd16).

* Corresponding author

E-mail address: szxylihao@163.com (Hao LI); lixiaoqin1983@163.com (Xiaoqin LI); pjduan1981@163.com (Pengju

DUAN)



On the strong law of large numbers for END sequences 433

Let {X,Xn, n ≥ 1} be an i.i.d. sequence of random variables. Then

1

g(n)

n∑
i=1

Xi −mi

h(i)
→ 0, a.s. (1.1)

if and only if

E(ϕ−1(|X|)) < ∞, (1.2)

where mi = E[XiI(|Xi| ≤ ϕ(i))] and ϕ−1(·) is the inverse of function ϕ(·).

Remark 1.2 If g(x) = x1/p (0 < p < 2) and h(x) = 1, then ϕ(x) = x1/p, x ∈ [0,∞),

satisfies Assumption A. So one can get the SLLN of Marcinkiewicz mean. In addition, denote

log x = log(max(x, e)). If h(x) = x and g(x) = log x, then ϕ(x) = x log x, x ∈ [e,∞), also satisfies

Assumption A. Thus, one can get SLLN of logarithmic mean. For the details, see Jajte [7].

Many researchers extended the result of Jajte [7] from independent case to dependent cases.

For example, Jing and Liang [8] andWang [9] studied Theorem 1.1 under the Negatively Associat-

ed (NA) case, Meng and Lin [10] considered the ρ̃-mixing case and Sung [11] considered the three

series convergence of
∑∞

n=1 P (|X| > ϕ(n)),
∑∞

n=1
E[|X|I(|X|>ϕ(n))]

ϕ(n) and
∑∞

n=1
E[X2I(|X|≤ϕ(n))]

ϕ2(n) ,

and obtained some equivalence conditions for the convergence of (1.1).

In this paper, we would like to consider the Theorem 1.1 under the case of Extended Nega-

tively Dependent (END). In the following, let us recall the concept of END random variables.

Definition 1.3 The random variables {Xn, n ≥ 1} are said to be END if there exists a positive

constant M such that both

P (Xi > xi, i = 1, 2, . . . , n) ≤ M
n∏

i=1

P (Xi > xi)

and

P (Xi ≤ xi, i = 1, 2, . . . , n) ≤ M
n∏

i=1

P (Xi ≤ xi)

hold for each n ≥ 1 and all real numbers x1, x2, . . . , xn.

The concept is introduced by Liu [12]. If the dominating coefficientM = 1, then END random

variables reduce to Negatively Orthant Dependent (NOD), which contain NA random variables

and Negatively Superadditive Dependent (NSD) random variables. It is pointed out that END

sequence is a pairwise Negative Quadrant Dependent (NQD) sequence. For the definitions of

pairwise NQD, NOD, NA and NSD, one can refer to Lehmann [13], Joag-Dev and Proschan [14],

Hu [15], Chen [16], Zhao et al. [17], etc. There are many researchers who pay attention on the

studying of END random variables. For the research of END sequences, Liu [18] studied the

heavy tails; Chen et al. [19] obtained the SLLN; Shen [20] obtained some moment inequalities;

Wang et al. [21], Hu et al. [22] and Shen et al. [23] investigated the complete convergence; Deng

et al. [24] studied the Hajek-Renyi-type inequality and SLLN, etc. Under the END errors, Wang

et al. [25] and Yang et al. [26] investigated the nonparametric regression model; Yang et al. [27]

obtained some large deviation results of nonlinear regression models, etc.
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Inspired by Jajte [7], Jing and Liang [8], Meng and Lin [10], Sung [11], etc, we consider the

END sequences and extend Theorem 1.1 to this case, and obtain the sufficient conditions for the

SLLN of mean. As an important application, the SLLN of Marcinkiewicz mean and logarithmic

mean are obtained. Our results are presented in Section 2 and the simulations for the SLLN

are illustrated in Section 3. Later, some lemmas and the proofs of main results are presented

in Section 4. Throughout the paper, we denote C,C1, . . . to be some positive constants not

dependent on n.

2. Main results

Similar to Theorem 1.1, we consider the SLLN of mean for END sequences.

Theorem 2.1 Let {X,Xn, n ≥ 1} be an identically distributed END sequence with E|X| < ∞.

Let ϕ−1(·) be the inverse of function ϕ(·) and Assumption A hold. If

E(ϕ−1(|X|)) < ∞, (2.1)

then
1

g(n) log n

n∑
i=1

Xi −mi

h(i)
→ 0, a.s. (2.2)

where mi = E[XiI(|Xi| ≤ ϕ(i))], 1 ≤ i ≤ n.

As an important application of Theorem 2.1, we have the following SLLN of Marcinkiewicz

mean for END sequences.

Corollary 2.2 Let {X,Xn, n ≥ 1} be an identically distributed END sequence. Then we have

the following results:

(i) If 0 < p < 1 and E|X|p < ∞, then

1

n1/p

n∑
i=1

(Xi − a) → 0, a.s., (2.3)

where a is an arbitrary real number.

(ii) If 1 ≤ p < 2, E|X|p < ∞ and EX = 0, then

1

n1/p log n

n∑
i=1

Xi → 0, a.s. (2.4)

Similarly, by Theorem 2.1, we have the SLLN of logarithmic mean for END sequences.

Corollary 2.3 Let {X,Xn, n ≥ 1} be an identically distributed END sequence with EX = 0.

Then
1

log2 n

n∑
i=1

Xi

i
→ 0, a.s. (2.5)

Remark 2.4 On the one hand, the proof of Theorem 2.1 is based on the convergence theorem

for END sequences [24, Corollary 1.1]. If the sequences of {X,Xn, n ≥ 1} are the ones of
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independent, NA, or ρ̃-mixing, then the factor log n in (2.2) and (2.4) can be removed, and the

factor log2 n in (2.5) can be improved by log n. For the details, see the theorem and remark of

Jajte [7], Theorem 2.3 and Remark 2.2 of Jing and Liang [8], Theorem 2.1 and Corollary 2.1

of Meng and Lin [10] and Theorem 3.1 and Corollary 3.2 of Wang [9]. On the other hand, we

study the sufficient conditions for the SLLN of mean based on the END sequences in this paper.

It is interesting to study its necessary conditions in future. Let {X,Xn, n ≥ 1} be an identically

distributed END sequence with E(|X|p log2 |X|) < ∞ for some 0 < p < 2. In addition, it is

assumed that EX = 0 if 1 ≤ p < 2. Then Deng et al. [24] obtained the following SLLN of

Marcinkiewicz
1

n1/p

n∑
i=1

Xi → 0, a.s, (2.6)

(see Theorem 3.2 of Deng et al. [24] for details). Comparing with our Corollary 2.2, (2.4) has

the factor log n while (2.6) does not have the factor log n, but our moment condition E|X|p < ∞
is weaker than the one of E(|X|p log2 |X|) < ∞. Last, some simulations for (2.4) and (2.5) are

presented in Section 3.

3. Simulation

In this section, we will do some simulations for the SLLN of END sequences. For example, we

use MATLAB software to do the simulation for the convergence of (2.4) and (2.5) in Corollaries

2.2 and 2.3, respectively. For n ≥ 2, let (X1, X2, . . . , Xn) be a normal random vector such as

(X1, X2, . . . , Xn) ∼ Nn(0,Σ), where 0 is zero vector,

Σ =



1 −ρ −ρ2 0 0 . . . 0

−ρ 1 −ρ −ρ2 0 . . . 0

−ρ2 −ρ 1 −ρ −ρ2 . . . 0

0 −ρ2 −ρ 1 −ρ . . . 0
...

...
...

...
...

...
...

0 . . . −ρ2 −ρ 1 −ρ −ρ2

0 . . . 0 −ρ2 −ρ 1 −ρ

0 . . . 0 0 −ρ2 −ρ 1


n×n

,

and ρ ∈ [0, 1). By Joag-Dev and Proschan [14], it can be seen that (X1, X2, . . . , Xn) is an NA

vector, which implies that it is also an END vector with dominating coefficient M = 1. For

p = 1.5 ρ = 0.3 and n = 100, 200, . . . , 1000, we draw the Box plot for

1

n1/p log n

n∑
i=1

Xi (3.1)

by 10000 replications and obtain Figure 1. Similarly, for ρ = 0.2 and n = 100, 200, . . . , 1000, we

draw the Box plot for

1

log2 n

n∑
i=1

Xi

i
(3.2)
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by 10000 times and obtain Figure 2. The pictures are presented as follows
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Figure 1 The SLLN of Marcinkiewicz mean in (3.1) Figure 2 The SLLN of logarithmic mean in (3.2)

Obviously, by Figures 1 and 2, they are agreed with (2.4) in Corollary 2.2 and (2.5) in

Corollary 2.3, respectively.

4. Some lemmas and the proofs of main results

Before the proofs of main results, we give some important lemmas.

Lemma 4.1 ([18]) Let random variables {Xn, n ≥ 1} be a sequence of END random variables. If

{fn, n ≥ 1} is a sequence of all nondecreasing (or nonincreasing) functions, then {fn(Xn), n ≥ 1}
is also a sequence of END random variables.

Lemma 4.2 ([24]) Let {Xn, n ≥ 1} be a sequence of END sequence. If

∞∑
n=1

log2 nVar(Xn) < ∞,

then
∑∞

n=1(Xn − EXn) converges almost surely.

Lemma 4.3 ([16]) Let {Xn, n ≥ 1} be a sequence of pairwise NQD sequence with Var(Xn) < ∞
for all n ≥ 1. Let {an} be a nondecreasing and positive sequence of real numbers with an → ∞
as n → ∞. Assume that the following conditions hold:

(i) supn≥1 a
−1
n

∑n
i=1 E|Xi − EXi| < ∞;

(ii)
∑∞

i=1 Var(Xi)/a
2
i < ∞.

Then

1

an

n∑
i=1

(Xi − EXi) → 0, a.s.

Proof of Theorem 2.1 For every n ≥ 1, let

X ′
n = −ϕ(n)I(Xn < −ϕ(n)) +XnI(|Xn| ≤ ϕ(n)) + ϕ(n)I(Xn > ϕ(n))
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and

Yn = − 1

log n
I(Xn < −ϕ(n)) +

XnI(|Xn| ≤ ϕ(n))

ϕ(n) log n
+

1

log n
I(Xn > ϕ(n)).

By (2.1), we have

∞∑
n=1

P (Xn ̸= X ′
n) ≤

∞∑
n=1

P (|Xn| > ϕ(n)) =
∞∑

n=1

P (ϕ−1(|Xn|) > n)

≤ CE[ϕ−1(|X|)] < ∞. (4.1)

By Lemma 4.1, {X ′
n} and {Yn} are also END sequences with the same dominating coefficient

M . Then, by the proof of (4.1) and conditions (ii) and (iii) in Assumption A, we obtain that

∞∑
n=1

log2 nVar(Yn) ≤
∞∑

n=1

log2 nEY 2
n ≤

∞∑
n=1

EX2I(|X| ≤ ϕ(n)

ϕ2(n)
+

∞∑
n=1

P (|X| > ϕ(n))

≤ C1k0 + C2E
∞∑

n=k0+1

X2I(|X| ≤ ϕ(n))

ϕ2(n+ 1)
+ C3

≤ C4 + C2EX2

∫ ∞

ϕ−1(|X|)

1

ϕ2(x)
dx

≤ C4 + C5(aE(ϕ−1(|X|)) + b) < ∞. (4.2)

Combining Lemma 4.2 with (4.2), we have

∞∑
n=1

(Yn − EYn) = (I1 + I2) converges, a.s. (4.3)

where

I1 =
∞∑

n=1

XnI(|Xn| ≤ ϕ(n))−mn

g(n)h(n) log n

I2 =
∞∑

n=1

1

log n
[I(Xn > ϕ(n))− I(Xn < −ϕ(n))− P (Xn > ϕ(n)) + P (Xn < −ϕ(n))].

Combining (4.1) with Borel-Cantelli Lemma,

∞∑
n=1

[I(Xn > ϕ(n))− I(Xn < −ϕ(n))− P (Xn > ϕ(n)) + P (Xn < −ϕ(n))], converges, a.s.,

which implies I2 converges, a.s.. Consequently, by (4.3), I1 converges, a.s.. Then, by Kronecker

lemma, it yields

1

g(n) log n

n∑
i=1

XiI(|Xi| ≤ ϕ(i))−mi

h(i)
→ 0, a.s.

To complete the proof of (2.2), it is enough to show that

1

g(n) log n

n∑
i=1

XiI(|Xi| > ϕ(i))

h(i)
→ 0, a.s.

which follows from (4.1) and Borel-Cantelli Lemma. �
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Proof of Corollary 2.2 For p > 0 and n ≥ 1, let

X ′
n = −n1/pI(Xn < −n1/p) +XnI(|Xn| ≤ n1/p) + n1/pI(Xn > n1/p).

For 0 < p < 1, the condition E|X| < ∞ implies that E|X|p < ∞. Thus,

∞∑
n=1

P (Xn ̸= X ′
n) ≤

∞∑
n=1

P (|Xn| > n1/p) =
∞∑

n=1

P (|X|p > n) ≤ CE|X|p < ∞. (4.4)

In addition, it can be checked that

∞∑
n=1

Var(X ′
n)

n2/p
≤

∞∑
n=1

EX2I(|X| ≤ n1/p)

n2/p
+

∞∑
n=1

P (|X| > n1/p) ≤ CE|X|p < ∞.

Since END sequence is a pairwise NQD sequence [28] and {X ′
n, n ≥ 1} is an END sequence, one

can find that the conditions of Lemma 4.3 for {X ′
n, n ≥ 1} are satisfied. So, by 0 < p < 1, we

have
1

n1/p

n∑
i=1

(X ′
i − EX ′

i) → 0, a.s.

Obviously, it can be seen that for 0 < p < 1,

1

n1/p

n∑
i=1

|EX ′
i| ≤

nE|X|
n1/p

→ 0,
1

n1/p

n∑
i=1

a → 0,

where a is an arbitrary real number. Combining (4.4) with Borel-Cantelli Lemma, we complete

the proof of (2.3).

Next, we prove (2.4). For 1 < p < 2, by E|X|p < ∞, it can be checked that

∞∑
n=1

E[|Xn|I(|Xn| > n1/p)]

n1/p
=

∞∑
n=1

E[|X|I(|X| > n1/p)]

n1/p

=
∞∑

n=1

∞∑
m=n

E[|X|I(m < |X|p ≤ m+ 1)]

n1/p

=
∞∑

m=1

E[|X|I(m < |X|p ≤ m+ 1)]
m∑

n=1

1

n1/p

≤ C1

∞∑
m=1

m−1/p+1E[|X|I(m < |X|p ≤ m+ 1)]

≤ C2E|X|p < ∞.

Then, for 1 < p < 2, by Kronecker Lemma, we have

1

n1/p

n∑
i=1

E[|Xi|I(|Xi| > i1/p)] → 0, n → ∞. (4.5)

Now, we consider the case of p = 1. Obviously, from EX = 0, it follows E|X| < ∞. So we have

E|X|I(|X| > n) → 0, as n → ∞. Then, there exists some positive n0 large enough such that

1

n

n∑
i=1

E[|Xi|I(|Xi| > i)] =
1

n

n0∑
i=1

E[|Xi|I(|Xi| > i)] +
1

n

n∑
i=n0+1

E[|Xi|I(|Xi| > i)]
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=
1

n

n0∑
i=1

E[|X|I(|X| > i)] +
1

n

n∑
i=n0+1

E[|X|I(|X| > i)] → 0, n → ∞. (4.6)

Then, for 1 ≤ p < 2, let ϕ(i) = i1/p and mi = E[XiI(|Xi| ≤ ϕ(i))], 1 ≤ i ≤ n. We apply

Theorem 2.1 with g(n) = n1/p and h(n) = 1, and obtain that

1

n1/p log n

n∑
i=1

(Xi −mi) → 0, a.s. (4.7)

In addition, by (4.5), (4.6) and the assumption EX = 0, one can check that

1

n1/p log n

n∑
i=1

|mi| =
1

n1/p log n

n∑
i=1

|EXI(|X| > i1/p)| → 0. (4.8)

Combining (4.7) and (4.8), the proof of (2.4) is completed. �

Proof of Corollary 2.3 EX = 0 implies E|X| < ∞ and E|XI(|X| > n log n)| = o(1) as

n → ∞. Let mi = E[XiI(|Xi| ≤ ϕ(i))] and ϕ(i) = i log i. In addition, by EX = 0 and the proof

of (4.8), we have

1

logn

n∑
i=1

|mi|
i

=
1

log n

n∑
i=1

|EXI(|X| ≥ i log i)|
i

= o(1).

Let ϕ(x) = g(x)h(x), where g(x) = log x and h(x) = x. In this case ϕ−1(x) ∼ x
log x as x → ∞.

Thus, Eϕ−1(|X|) ≤ E|X| < ∞. Last, combining Theorem 2.1 with the above statement, we

obtain (2.5) immediately. �

Acknowledgements The authors are deeply grateful to the editors and anonymous referees

whose insightful comments and suggestions have contributed substantially to the improvement

of this paper.

References
[1] Yuanshih CHOW, H. TEICHER. Probability Theory: Independence, Interchangeability, Martingales.

Springer Verlag, New York, 1997.

[2] P. BILLINGSLEY. Convergence of Probability Measures. 2nd Edition. Wiley, New York, 1999.

[3] A. GUT. Probability: A Graduate Course. Springer, New York, 2005.

[4] N. ETEMADI. An elementary proof of the strong law of large numbers. Z. Wahrsch. Verw. Gebiete, 1981,

55: 119–122.

[5] T. K. CHANDRA, S. H. GHOSAL. Extensions of the strong law of large numbers of Marcinkiewicz and

Zygmund for dependent variables. Acta Math. Hungar., 1996, 71(4): 327–336.

[6] T. K. CHANDRA. Laws of Large Numbers. Narosa, New Delhi, 2012.

[7] R. JAJTE. On the strong law of large numbers. Ann. Probab., 2003, 31(1): 409–412.

[8] Bingyi JING, Hanying LIANG. Strong limit theorems for weighted sums of negatively associated random

variables. J. Theoret. Probab., 2008, 21: 890–909.

[9] Zhongzhi WANG. On strong law of large numbers for dependent random variables. J. Inequal. Appl., 2011,

2011, Art. ID 279754, 13 pages.

[10] Yanjiao MENG, Zhengyan LIN. Strong laws of large numbers for ρ̃-mixing random variables. J. Math. Anal.

Appl., 2010, 365: 711–717.

[11] S. H. SUNG. On the strong law of large numbers for weighted sums of random variables. Comput. Math.

Appl., 2011, 62: 4277–4287.



440 Hao LI, Xiaoqin LI and Pengju DUAN

[12] Li LIU. Precise large deviations for dependent random variables with heavy tails. Statist. Probab. Lett.,

2009, 79: 1290–1298.

[13] E. L. LEHMANN. Some concepts of dependence. Ann. Math. Statist., 1966, 37(5): 1137–1153.

[14] K. JOAG-DEV, F. PROSCHAN. Negative association of random variables with applications. Ann. Probab.,

1983, 11: 286–295.

[15] Taizhong HU. Negatively superadditive dependence of random variables with applications. Chinese J. Appl.

Probab. Statist., 2000, 16: 133–144.

[16] Pingyan CHEN. On the strong law fo large numbers for pairwise NQD random variables. Acta Math. Sci.

Ser. A (Chin. Ed.), 2005, 25(3): 386–393.

[17] Zhangrui ZHAO, Xudong QIAO, Wenzhi YANG, et al. Complete convergence of randomly weighted sums of

NOD random variables. J. Math. Res. Appl., 2017, 37(6): 743–753.

[18] Li LIU. Necessary and sufficient conditions for moderate deviations of dependent random variables with

heavy tails. Sci. China Ser. A, 2010, 53(6): 1421–1434.

[19] Yiqing CHEN, Anyue CHEN, K. W. NG. The strong law of large numbers for extended negatively dependent

random variables. J. Appl. Probab., 2010, 47: 908–922.

[20] Aiting SHEN. Probability inequalities for END sequence and their applications. J. Inequal. Appl., 2011,

2011: 98.

[21] Xuejun WANG, Tienchung HU, A. VOLODIN, et al. Complete convergence for weighted sums and arrays

of rowwise extended negatively dependent random variables. Comm. Statist. Theory Methods, 2013, 42:

2391–2401.

[22] Tienchung HU, A. ROSALSKY, Kuolung WANG. Complete convergence theorems for extended negatively

dependent random variables. Sankhya A, 2015, 77(1): 1–29.

[23] Aiting SHEN, Mingxiang XUE, Xuejun WANG. Complete convergence for weighted sums of extended neg-

atively dependent random variables. Comm. Statist. Theory Methods, 2017, 46(3): 1433–1444.

[24] Xin DENG, Xuejun WANG, Fengxi XIA. Hajek-Renyi-type inequality and strong law of large numbers for

END sequences. Comm. Statist. Theory Methods, 2017, 46(2): 672–682.

[25] Xuejun WANG, Lulu ZHENG, Chen XU, et al. Complete consistency for the estimator of nonparametric

regression models based on extended negatively dependent errors. Statistics, 2015, 49: 396–407.

[26] Wenzhi YANG, Haiyun XU, Ling CHEN, et al. Complete consistency of estimators for regression models

based on extended negatively dependent errors. Statist. Papers, 2018, 59: 449–465.

[27] Wenzhi YANG, Zhangrui ZHAO, Xinghui WANG, et al. The large deviation results for the nonlinear regres-

sion model with dependent errors. Test, 2017, 26: 261–283.

[28] Xiaoqin LI, Zhangrui ZHAO, Wenzhi YANG, et al. The inequalities of randomly weigted sums of pairwise

NQD sequences and its application to limit theory. J. Math. Inequal., 2017, 11(2): 323–334.


