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bounded differences. Some examples are provided as well.
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1. Introduction

Let X = (X3, X, ..., X;,) be a vector of independent random variables (not necessarily identically distributed),
defined on some probability space (2, F, P) and taking values in a measurable space X'. We consider the problem
of investigating the rate of convergence in the central limit theorem for nonlinear statistics of the form

W:f(X):f(XlaX27"'aXn)v (1)

where f : X" — R is a measurable function. This problem, of course, is one of the most fundamental topics in
statistics and its study has a long history. A significant amount of general results for W and its special forms can
be found in the literature, see e.g. [1, 2, 6, 8, 9, 10] and the references therein.

Let X' = (X1, X}, ..., X!) be an independent copy of X = (X3, Xs,..., X,,). Foreach A C [n] :={1,2,...,n},
define the random vector X4 as

XA —

?

X[, if i€ A,
X;, if i ¢ A

For each j € [n], we write X7 instead of X {7} and define the difference operator A ; by
AF(X) = f(X) = f(X). 2)

Definition 1.1. We say that the nonlinear statistic W has the bounded differences property if there exist nonnegative
deterministic constants ¢y, ..., ¢, such that, almost surely,

A F(X)] <ejy 1< G <. 3)

The motivation of the present paper comes from the observation that many existing statistics belong to the class of
nonlinear statistics with bounded differences (the reader can consult Sections 3.2 and 6.1 in [3] for several specific
examples provided there). Hence, it is necessary to study the central limit theorem and the rate of convergence for
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this class. In fact, we can use the results obtained in [4, 13] to derive the following bound

n

1 1
dW(a*W,Z)gﬁ Var(E [T|W])+2 =Y 4)
j=1
. 1 1 - 44 2m
dr (0™ W, N) < —5 v/ Var(B[T|W]) + —5 v/ Var(B[T"|W]) + ——5— , &)
j=1
where T := 5 3 yo—r Z A F(X)|A; f(XA)] and
Ag[n] (\A\)( | D
1
T:=2 Y ZAf VA FIXA). (6)

2 i) (IAI)(” — 14D 7

Here and in the sequel, 7 is a standard normal random variable and dyy, d - denote the Wasserstein and Kolmogorov
distances, respectively. A bound on d is called the Berry-Esseen bound. For reader’s convenience, we recall that

dw (W, Z) := sup [E[R(W)] = E[R(Z)]],
|h(@)—h(y)|<]z—y]
dic(W. Z) = sup | P(W < 2) — P(Z < 2)|
z€R

It should be noted that, from the statistical point of view, the Kolmogorov distance is more informative in practice.
Indeed, for instance, the Berry-Esseen bound can be used for the construction of confidence intervals. However, by
its definition, the additional term \/Var(E[T”|W]) is sometimes not easy to compute. In this paper, our aim is to
point out that, for nonlinear statistics with bounded differences, the term /Var(E[T’|W]) in (5) can be removed.
In other words, our Berry-Esseen bound is the same as the Wasserstein bound (4) (up to constant). This allows us
to employ the existing results in the literature and we are able to obtain the Berry-Esseen bound without doing any
further computations.

The rest of this article is organized as follows. In the next Section, after stating and proving the main result in
Theorem 2.1, we provide several examples to illustrate the theory.

2. The main results
Our proof is based on the techniques of Stein’s method and the smoothed indicator functions. Let us recall here the
following fundamental results from Lemma 2.3 in [4] and Lemma 2.5 in [7].

Lemma 2.1
For any g, f : X™ — R such that E[¢g?(X)] and E[fQ(X)] are both finite, we have

1

Cov(g(X), f(X) =5 ZE J9(X)A; F(X).
2 ( )(n
AC[n] \Al

Lemma 2.2
Given z € R and o > 0, define the function A, . by

1 w < z,

ha(w)=¢ 1+ (z—-w)/a z<w<z+a,
0 w > z.

Let ¢ be the solution to the Stein equation
¢'(w) — wp(w) = ha,z(w) = Ehg, 2 (2).
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Then, for all w,v € R, we have

0<p(w) <1, [ (w)] <1, |¢(w)—¢' )] <1 @)
and
1
ot 0) =l < ol (14 fol+ [ b ragar). ®
0
‘We now are in a position to state and prove the main result of the present paper.
Theorem 2.1

Let W = f(X) be a nonlinear statistic with bounded differences. Suppose that EW = 0 and ¢? := Var(W) < cc.
Then, we have the following Berry-Esseen bound

n

Var(E[T|W]) + % 3 ©)

2
—1
( W Z) S 72 Ja
where T is defined by (6) and ¢;, j € {1,2,...,n} are as in (3).

Proof
Assume without loss of generality that o = 1. For each A C [n], we denote W4 = f(X4). When A = {j}, we
write W7 instead of W1/}, Let h,, . be as in Lemma 2.2. Tt follows from Lemma 2.1 that

Eha,:(W) = Eha-(2) = El¢/(W)] = E[We(W)]

= B[/ (W)] — m— ZE Jp(W)A; WA (10)

AC[n] (|A|)(
Foreach j € {1,2,...,n}, we have
Ajp(W) = (W) — p(W7)

wW-—w AW
:/ ap’(W—t)dt:/ O (W —t)dt
0 0

AW
— I (W)AW / (W — 1) — o (W)]dt.

=[5V

We now put R; O (W —1t) — ¢'(W)]dt and use the notations z_ = min(z,0), 24 = max(x,0). Then,

we have
Ajp(W) = (W)A;W + R;, 1< j<m, 1)

and, by (8), the remainder term R; satisfies the following estimate
(A; W)
Rl [T o) =
(A;W)

(AW) 4 1 !
< / It (1 + W]+ E/ 1. (W — rt)dr) dt
( 0

AW
1 , 1 (A;W)4 ty
— WA w2+ [ [ bW ) .
2 @ J(a;w)_ t
Furthermore, by bounded differences property, we can get
C?

1 [ ty
Rl < Faswh+y [ (/ e (W + u)du> at1<j<n. (12)
t_

—cj
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Inserting (11) into (10) yields

Ehe.(W) = Eha.(Z) = El¢ (W)(1

m\»—t

> > E[R;AWA. (13)
AT \A‘( = 14D 2

Note that we also have |A; WA < ¢;, and hence, the estimates (12) give us

C

3 Cj t+
BIRAWA) < 21+ EW]) + 2 / (/ Elpsnia) (W + u)]du) dt
—cj t_

DO \Qﬁw

—cj

Cj ty
(1 + E|W]) + / (/ P(Z<W+u<z+a)du>dt,1<j<n.
@ t

By the fundamental property of the standard normal random variable P(Z < b) — P(Z < a) < |b — a|/2 for all
a,b € R, we obtain

Pz<WHu<z+a)=PW<z4+a—u)—P(Z<z+a—u)
+PZ<z+a—-u)—PZ<z—u)+P(Z<z—u)—PW<z—-u)

<2dx(W,Z) + %-

This, together with the fact that F|W| < Var(W) = 1, implies

3 . Cj ty
\E[R;A;WA]| < %(1 FEW|) + %/ (/ (2dx (W, Z) —|—oz/2)du> dt
<2g(3+ WD) 1 gy (14
2 e

Recalling (7), we combine (13) and (14) to get the following

3 dg(W,Z 1
Bho,o(W) = b (2) < BBV 1)+ (5 + SO 57 o L
AC[n] (IAI)(n = |4l) j¢A
_ 3 dx(W.2)\\~ 5
= E|E[T|W] — 1] + <2+a) > & VzeR,a>0,

j=1

or equivalently

Z n
sup |Ehe, (W) — Eh, .(Z)| < E|[E[T|W] — 1| + (3 + dK(W’)) ¢} Va>0.
z€R 2 « =
To finish the proof, we observe that
P(W < 2)— P(Z < 2) < Bhy (W) P(z <2)
= FEhq (W) — Ehqy ,(Z) + Eha 2(2)—P(Z <=z
< Eho (W) —FEhy.(Z)+ = Vz eR.

The same argument will gives us a corresponding lower bound. That is to say

A (W, Z) < sup|Ehg. (W) — Eha .(Z)] + % Va >0,
z€R
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and hence,
3 dx(W,Z
dg(W,Z) < E|E[T|W] — 1| + (2 + K<a)>

3«
_1cj—|—§ Va>0.

J

n
Choosing a = 2 3 ¢3, we obtain
i=1

dc(W,Z) <2E|B[TIW] = 1|+ 5> ¢} < 2¢/Var(E[T[W]) +5Y ¢,
j=1 j=1

which leads us to the desired conclusion (9). Notice that the second inequality follows from the Holder inequality
and the fact that E[T] = 02 = 1. O

Once again, we would like to emphasize that our Berry-Esseen bound (9) is the same as the Wasserstein bound
(4). Hence, we can use the results obtained previously by other authors to derive the Berry-Esseen bound without
doing any further computations. Let us provide some examples to illustrate this advantage.

Example 2.1 (An occupancy problem). Suppose n balls are dropped into an boxes such that all (an)™ possibilities
are equally likely. Let X be the set of labels of the an boxes and let X; denote the label of the box into which
ball i is dropped. Let W = f(X;,---,X,) be the number of empty boxes. It is known from Section 3.2 in [4]
that |A;W| <1 for all 1 < j <n. Thus W is a nonlinear statistics with bounded differences and ¢; = 1 for
all 1 < j < n. Moreover, also from Section 3.2 in [4], we have 0 = Var(W) ~ (ae™/® — (1 + a)e~?/*)n as
n — oo and /Var(E[T|W]) < C+/n for some constant C' that does not depend on n. So, by Theorem 2.1, we

obtain the Berry-Esseen bound
W — E[W C
i (”, z) <<
o vn
Example 2.2 (A permutation statistic). Let S,, be the group of all n! permutations of {1,--- ,n}. Let the number
of descents be defined as

D(m)y=Ni:1<i<n-1,m(i+1) <n(i)}], m € Sp.
In seeking to make a metric on permutations using descents we were led to study
T(n) = D(r) + D(z ™).

Note that T'(7) is a new permutation statistic introduced recently in [5]. In Theorem 1.1 of [5], Chatterjee and
Diaconis obtained the following results

n+771

E[T(r)]=n—-1, o?:= Var(T(r)) = 5 —

and the Wasserstein bound, for some C not depending on n,

dn (T(w) - E[T(w)]z) - Cnl/? N Cn

o o2 o3’

Moreover, T'(m) can be considered as a measurable function of independent random variables: T'(w) =
f(X1,--+,X,), where Xi,---, X, are independent uniformly distributed points on X = [0,1]2. We have, in
addition, that |A; f(X)| < 4 for every j. Thus we can apply Theorem 2.1 and we obtain

dx <T(”)—UE[T(”)]Z> < 027;/2 o< \(/j,;

which, to the best of our knowledge, is new.

Stat., Optim. Inf. Comput. Vol. 9, December 2021



N. T. DUNG, H. T. P. THAO, N. T. HIEU 989

Example 2.3 (Longest common subsequence). Let (X;);>1 and (Y;);>1 be two infinite sequences whose

coordinates take their values in A,,, = {a1, -, }, a finite alphabet of size m. Next, let LC,, be the length
of the longest common subsequences (LCSs) of the random words X;--- X, and Y;---Y,, i.e. LC,, is the
maximal integer k € {1,--- ,n}, such that there exist 1 < i; < --- < ip <nand 1< j; <--- < jr <mn,such that

Xi, =Y, foralll <s <k
We now assume that (X;);>; and (Y;);>; are two independent sequences of independent identically distributed
random variables having the same law. Thus, by its definition, LC,, is a measurable function of 2n independent
random variables:
LC, = LC, (X1, -, Xn, Y1, -, Y,).

Although the study of LC,, has a long history, the first limit theorem result for LC,, was recently obtained by
Houdré and Islak. In Theorem 1.1 of [11], they provide the following bound on the Wasserstein distance

LC, — E[LC,] (logn)3/4
—F— 2| SO
Var(LC,,) n3/14

where C' > 0 is a constant independent of n, provided that Var(LC,,) > Kn for some K > 0 not depending on n.

From the proof of Theorem 1.1 in [11] (also see Example 3.4 in [3]), we have |[A,;LC, | < 1foralll < j < 2n.
This means that LC), is a nonlinear statistics with bounded differences and c¢; = 1 for all 1 < j < 2n. Hence, by
using the estimates established in [11], our Theorem 2.1 provides the following Berry-Esseen bound

LC,, — E[LC,] < o (og n)3/4
" Var(LC,) B n3/14

For further examples, we note that the nonlinear statistics, including U-statistics, V -statistics and Lipschitz L-
statistics, discussed in [12] also satisfy the bounded difference property. The Wasserstein bound obtained there also
holds true for the Berry-Esseen bound.
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