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Abstract: Given a sequence (X)) of random variables, X, is said to be a near-record if X, € (M;—1 —
a, M,,_1], where M,, = max{Xq, ..
17 on [0, 00) of near-record values from an integer-valued, independent and identically distributed

., Xn} and a > 0 is a parameter. We investigate the point process

sequence, showing that it is a Bernoulli cluster process. We derive the probability generating
functional of #7 and formulas for the expectation, variance and covariance of the counting variables
7(A), A C [0,00). We also derive the strong convergence and asymptotic normality of ([0, n]), as
n — oo, under mild regularity conditions on the distribution of the observations. For heavy-tailed
distributions, with square-summable hazard rates, we prove that ([0, n]) grows to a finite random
limit and compute its probability generating function. We present examples of the application of our
results to particular distributions, covering a wide range of behaviours in terms of their right tails.

Keywords: record; near-record; Bernoulli cluster process; law of large numbers; central limit theorem
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1. Introduction

Outstanding achievements and world records in athletics events such as the 100 m
sprint always make headlines and arouse widespread admiration. Similarly, considerable
media attention and public concern are attached to record figures (often bad) relating to
the economy, the weather or healthcare systems. Crucial social questions arise when we
are faced with a steady flow of records, which are presented as ominous signs of dramatic
underlying phenomena. It is therefore unsurprising that the term “record” has become
such a constant in our modern everyday life and in a wide range of specialist domains.
The probabilistic theory and statistical analysis of record breaking data can be helpful in
assessing the seriousness of these issues.

The mathematical theory of records is well developed, especially for data generated
by independent and identically distributed (i.i.d.) random variables (r.v.) with a contin-
uous underlying distribution function. As is well known, in this setting, one can only
expect about logn record values among n observations, which means that records are
rare. The reader interested in the theory of records can consult the monographs [1-3]. For
statistical inference from record data, see [4].

Concepts of “quasi-records” emerged as natural extensions of records and have proven
to be worthwhile from a mathematical as well as an applied perspective. The general idea
of values close to records was translated into a variety of definitions that were theoretically
analysed and applied in widely different contexts. Near-records were introduced in [5]
for applications in finance, and their properties were analysed in [6,7]. In addition, the
related concept of the J-record was introduced in [8] and later studied in [9-12]. These
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objects have practical applications in the case of negative J, since J-records are more
numerous than records. So, by considering samples of J-records for statistical inference,
we address the problem of the scarcity of records while keeping the extremal nature of the
data. Indeed, it has been shown in [9] and in references therein that inferences based on
d-records outperform those based on records only.

The main objects of interest in this work are near-records. An observation is a near-
record if it is not a record but is at a distance of less than a > 0 units from the last record; that
is, it falls short of being a record by less than a units. While the number of records in an i.i.d.
sequence of continuous r.v. grows with the logarithm of the number of observations, the
number of near-records grows at speeds depending on the distribution of the observations.
In fact, for heavy-tailed distributions, there are fewer near-records than records (in extreme
cases, only a finite number of near-records can be observed along the whole sequence),
while for light-tailed distributions, near-records outnumber records; see [13] for details.

Another interesting aspect of near-records is related to their values. It is well known
that record values of an ii.d. sequence behave as the so-called Shorrock process [14],
which is a mixture of a non-homogeneous Poisson process and a Bernoulli process. In
the particular case of non-negative integer-valued r.v., k is a record value with probability
P(X; = k| X7 > k), and the events wherein {k is a record value} are independent.

In this paper, we focus on the process of near-record values for i.i.d. sequences of r.v.,
taking non-negative integer values. The case of continuous r.v., analysed in [13], showed
that near-record values follow a Poisson cluster point process, where records are the centres
of the clusters and near-records are the points in each cluster. The main characteristics of
this process, including its asymptotic behaviour, were derived from the properties of the
Poisson cluster process, which has been thoroughly studied in the literature. In the discrete
setting of the present paper, we prove that near-record values also behave as a cluster
process, with centres following a Bernoulli process. We fully characterise the process by
giving an expression for its probability generating functional. In particular, we find the exact
distribution of the number of times that k is a near-record, which turns out to be a mixture
of a point mass at 0 and a geometric distribution. We also characterise the distribution
of the total number of near-records for heavy-tailed distributions. Moreover, we study
the limiting behaviour of the number of near-records with values less than 7, as n goes to
infinity, by giving laws of large numbers and central limit theorems. Rather than relying
on properties of cluster processes, as done in [13], here, we use a more direct approach
that consists of approximating the sequences under study by a sum of independent r.v. We
give several examples of applications of our results to particular families, ranging from
heavy-tailed distributions, with a finite number of near-records, to light-tailed ones, such
as the Poisson distribution.

The paper is organised as follows: notations and first definitions are presented in
Section 2. The process of near-record values is studied in Section 3, while in Section 4, we
consider the eventual finiteness of the total number of near-records, followed by asymptotic
results in Section 5. Finally, illustrative examples are shown in Section 6 and Appendix A is
devoted to technical results.

2. Notation and Preliminary Definitions

The sets of real and positive real numbers are denoted by R and R, respectively.
The sets of positive and non-negative integers are denoted by N and Z, respectively.
Sequences in R are indexed by N and are written in lower-case letters, between parentheses,
such as (x,), (yx), etc. All r.v. are assumed to be defined on a common probability space
(Q, F,P). The indicator r.v. of an event B € F, taking the value 1 on B and 0 otherwise, is
denoted by 1 g. The indicator function of A C R, equalto 1 on A and 0 on R\ A, is denoted
by 1 A-

When referring to a geometric r.v. or distribution throughout the paper, we assume 0
as the starting value. The probability generating function (p.g.f.) of an r.v. X, taking values
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in Z, is defined as ¢x (t) = E(tX) = Y3o o t!P(X = k), for all ¢ € R, such that the series is
absolutely convergent.

Sequences of r.v. are also indexed by N and are written in upper-case letters, such
as (Xn), (Yx), etc. The convergence of deterministic sequences to a limit L is denoted
by x, — L or limx, = L, and it is implicitly understood as n — oo, unless otherwise
stated. The notation x,, ~ y, stands for x,, /v, — 1. The same notation applies to random

sequences, where the mode of convergence (almost sure = or in distribution g) is
indicated over the arrow. The c-algebra of Borel subsets of R is denoted by B..

Definition 1. Let (X},) be a sequence of r.v. and let a be a positive parameter. Then, for n € N,

1. Xy isarecord if X,y > My,_1, and
2. Xy isnear-record if M, _1 —a < X < M, _1,
where M, = max{Xy,..., X, }, with My = —oo, by convention.

From the above definitions, it is clear that a near-record is not a record, but it can take
the value of the current record. Other random sequences of interest related to records are
record times (L, ), defined as

Ly =min{k e N|k > L,_1, X, > M, .},

for n > 1, with Ly = 0, and record values (R,), givenby R, = X, = M, forn > 1.
Additionally, we consider the set of record values as a point process on R, which can be
described by the random counting measure ¢, defined by

C(A) =card{n e N|R, € A}, A € B.. 1)

We also define I, := &({n})—the indicator of the event for which a record takes the
value n.

Observe that record times L, are the jump times of the sequence of partial maxima
and that record values R, are the (strictly increasing) subsequence of partial maxima (M),
sampled at those jump times. However, without further probabilistic assumptions on (Xj,),
it may happen that L,, = oo, from some value of n on, which is equivalent to the existence
of a final record. Furthermore, we have to ensure that the counting measure ¢ is boundedly
finite in the sense of being finite on bounded sets.

Similarly, the sequence (L%) of near-record times is defined by

Lfl = min{k eN ‘ k> Lz_l,Mk,l —a< X < Mk,1},

for n > 1, with L§ = 0, and near-record values (Rj})) are given by R} = Xja, for n > 1.
We define the counting measure of near-record values by

nN(A) =card{n e N|Rj, € A}, A € By, )

and define the related r.v. #(n) = 5([0,n]) and 17, = y({n}), forn € Z..

As for records, assumptions are needed in order to ensure that near-record times and
values are well defined. Additionally, in order to characterise # as a cluster point process,
we consider a classification of near-records in terms of their proximity to records.

Definition 2. (a) For m,n € N, the n-th near-record value RY, is said to be associated to the m-th
record value Ry, if Ly, < L < Lyy1.

(b) For m € N, the point process (- | Ry,) of near-record values associated to Ry, is defined by the
random counting measure

N(A|Ry) =card{n e N|R}, € A, L, <L}, <Ly}, A€ By ©)]
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We state here the probabilistic assumptions regarding (X ), which hold throughout
the paper. We assume that (Xj,) is a sequence of i.i.d. r.v.,, taking non-negative integer
values, with py := P(Xy = k), yx := P(Xy > k), k € Z. For convenience, we define py = 0
and y = 1fork < 0.

In addition, let

rk:yi’%l:[P’(X1:k|X12k),keZ+, (4)

be the hazard or failure rates, and

qk:ryk —P(Xy > k|X; >k—a), k€ Z,. ®)
k—a

Note that i = Hi-‘zo(l —1),k€Z.

In order to ensure that no final record exists and thus that all record times are well
defined, we assume that y; > 0, Vk € Z_.. This, in particular, implies rx < 1, Vk € Z4. In
addition, to avoid unnecessary complications, we assume a € N.

Example 1 (Records and near-records). Let us consider a near-record parameter a = 3 and
the following sequence of 17 observations: 2,4,3,6,1,6,7,1,7,8,6,7,2,4,5,8,12,.... See
Figure 1.

*  The sequence of partial maximais M; =2, Mp =4, M3 =4, My =6, M5 =6....

. For the record value sequence, we have Ry =2, Rp =4, R3 =6, R4 =7, Rs = §,
R¢ =12.

. According to Definition 2, there are no near-records associated to Rj, there is one
near-record (with value 3) associated to R, one near-record (with value 6) associated
to R3, one near record (with value 7) associated to R4 and two near-records (with
values 6 and 7) associated to Rs. Note also that, as X1y = Rg = 12 and a = 3, there will
be no near-records with value smaller than 10 after observation 17. Thus, 7([0,9]), the
number of near-records with value in the interval [0, 9], is equal to 5.

= o Observation e
® Record
S — @ Near-record, a=3 f--------============ "o
2: o — [ [¢)
g ® ® ®
s © - ® ® ®
L R e L R
S < 4 ® o
®
~ e o
o o
O
T T T
5 10 15

n (index of the r.v.)

Figure 1. Representation of the sequence given in Example 1. Red dots represent record observations,
while blue dots are near-record observations with parameter a = 3.

3. The Point Process of Near-Record Values

We recall that a point process N on R can be seen as a random measure and has a
probability generating functional (p.g.fl.) defined by Gy[h] = E(exp( [ logh(x)N(dx))),
under appropriate conventions regarding the logarithm of 0, where 1 : R, — [0,1] is a
measurable function equal to 1 outside some bounded subset of R (such functions are
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referred to as “suitable”). Alternative formulas for the p.g.fl., in the form of a product-
integral or a product are given by

GN[h]:]E(Hh(x) ): ( 1‘[ h(x {x}) ®)

xeRy x:N({x})>

In this section, we show that the near-record process 7 is a discrete cluster process.
Indeed, since 7(A) = Y 0o _1 7(A|Ryu), A € B4, process 17 can be seen as a superposition of
a denumerable family of point processes which, by Proposition 1 (c) below, are conditionally
independent. Moreover, since the r.v. X, take values in Z,, we find that, for every bounded
A, 7(A) < Lk, where K € N is an upper bound of A, the process 7 is boundedly finite.

We characterise 7 by means of its p.g.fl. and compute its first moments and other
quantities of interest. To that end, we first present some useful results about records and
near-records.

Lemma 1. (a) The point process ¢ of record values has its atoms in Z.., and the rv. I, are
independent Bernoulli, with E(1,) = ry, n € Z.
(b) For any suitable function h,

()

Gelh] = [T(1 = ru(1 = h(n))). @)

n=0

Proof. For a proof of (a), see, for instance, Theorem 16.1 in [3]. To prove (b), from (a) and
the second formula in (6), we obtain, noting that # = 0 outside a bounded set, and using
the convention 00 = 1,

O

Proposition 1. (@) Let S;; = (R | Ry,) be the number of near-records associated to record
Ry, m € N, according to Definition 2. Then,

P(Sy =s|Rp) = (1— qu)qum, s€Zy. (8)
That is, Sm is geometrically distributed, conditionally on Ry,.
(b) Let L“ - < L” be the near-record times associated to Ry,. Then, conditionally on
Ry, Sm, the near—record values Ym] = XLa ,j=1,...,Sn arei.id. with
STH
IFD(Ym,l = klr o /Ym,Sm = ksm | Rm/ Sm) = H 7T(k], Rm)r (9)
j=1
where 1t(k,i) := 7 }:" 7 (g (k), i,k € Z.
Moreover, conditionally on Ry, Sm, the rv. Ny = n({k}|Ry) = Z " gy, =k} for

k € (Rm — a, Ry) N Z., are multinomially distributed, with parameters Sm, n(k Rm)
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(c) The o-algebras Fy, := 0{Rum, Sm, Ym,j,j =1,...,Sm}, m € Nare independent, condition-
allyon R := o{R,, |m € N}.

Proof. (a) Note that the r.v. X,,,n > L, are independent and identically distributed
as Xj. Define the subsequence (X, ), with k; = min{k > L, | Xj > R, —a} and
kp = min{k > k,_1 | Xy > Ry, —a},n > 2. Then, conditionally on R,,, the sequence
(X, ) is also ii.d., but their common (conditional) distribution is P(X; < x| X; >
Ry —a). Lastly, Sy, is the number of terms X up to (but no including) the first
Xy, > Ry Hence, conditionally on Ry, Sy, is geometrically distributed, as stated.

(b) The near-record values Y, ; are precisely the X, before the next record. So, condi-
tionally on Ry, Sy, they are i.i.d. with probabilities 7t(k, R;;). In addition, from the
arguments above, it is clear that the N,, ; are (conditionally) multinomial.

(c) Note that, since the (X},) are i.i.d, the o-algebras G,y = 0{Xy, Ly <k < Lj41}, m € N
are independent, conditionally on R. Then, since the r.v. Sy, Yuj j=1,...,5n are
G-measurable, the result follows.

O

We compute below the p.g.fl. of the point process #(- | Ry,), which is obtained from (6)
by taking the conditional expectation. That is,

k Rm
GW(“Rm _E(Hh 1tk | m)' (10)
Forh: Ry — [0,1] measurable, A € By and i € Z, let
Wi =L Y p-hE), @A=L Y paa). an
k=i—a+1 k=i—a+1
Additionally, let a;(n) = «;([0,n]), n € Z.
Proposition 2. For a suitable function h,
Gy 1] = (12)
”(‘RM) B 1+“Rm (h)

Proof. Suppose R, = i, for some m € N. From (10) and (b) of Proposition 1, we get
Gy (. o lH] = E(E (Hh 7R R
—E(E( ]‘[ (i) N
k=0
(o] S
E(( Yk, Rm)h(k)> ‘Rm)
k=0

qu
1-(1=qg,,) X 7(kRu)(k)

o) )

o))

YR
¥ h
a Pk
yRm . k=Rp—a+1
1
T+ag, (h)”

where the third and fourth equalities, as shown above, follow from the expressions of the
p.g.f. of the multinomial and geometric distributions, respectively. [
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Definition 3 (Definition 6.3.1 in [15]). A (boundedly finite) point process N is a cluster point
process on R, with the centre process N on R and component processes the family of point
processes {N(-|y) : y € R} if, for every bounded A € B,

N(A) = Y N(A|y) Ly (1y1)=01- (13)
yeRy

Definition 4. Fori € Z., let ; be the point process with p.g.fl. given by

1

Géi [h] = m/

where h is a suitable function and w;(h) is defined in (11).
Theorem 1. (1)  The point process 1] of near-records is a cluster process on Z+, with the centre

process & and independent components processes {{;,i € Z" }.
(b)  For a suitable function h,

_ 1+ (A —riai(h)
Gylh] = g T a) (14)
In particular, taking h(k) = 845, t € [0,1] and A € B, bounded, we obtain the p.g.f. of
n(A), given by
_ L =) (A = Hai(A)

(c)  For every bounded A,B € By,

1. E(n(A)) =LZpai(A)r; < oo,

2. Var(n(A)) = 2o az(A)ri(2 — 1) + E(5(A)) < co,

3. Coou(y(A),n(B)) = LiZgai(A)ai(B)ri(2—r;), for ANB=0Q.

Proof. (a) Observe that

n(A) =Y n(A|Rn) = Zf; (16)
m=1

So, according to Definition 3, # is a cluster point process, as asserted. Independence of
component processes follows from (c) in Proposition 1, because (A | Ry, ) is Fy-measurable,
for any m € N.

(b) For h, a suitable function, let i : Z, — [0,1] be defined as h(i) = Gg,[h] = Wl-(h)'

which is also a suitable function. From 6.3.6 in [15], we have Gy, [h] = G¢|[h]. Therefore, by

Lemma 1 (b) and Proposition 2,
=T =1 )
i 1+a(h)
1+
=0

o i(h)

H 1 —l—ocl(h)

:l

0(1+a<h)“ )

For ¢, (4)(t) we replace h by t14 in (14) and get (15), noting that a;(t14) = (1 — t)a;(A).

(c1) Observe that 17(A) = Yxea Ym—1 1({k} | Ri) = Ykea L1 Nk and recall that N, ;
is binomial, conditional on Ry, S, with parameters S,,, 7t(k, R,), and that S, is geometric,
conditional on R, with parameter g, .
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Moreover, Ny, 4 := Y ke a Ny x is binomial, conditional on Ry, Sy, with parameters
Sm, T(A, Ry), where 71(A, Ri) = Yre anz, 7(k, Rm), hence

E(Nin,a)

E(E(Num,a | Rm,Sm))

(Sm7t(A, Rm))

(E(Smm(A, Rm) | Rim)) (17)
(7t (A, Rm)E (Sm | Rin))

(n (A, Ry) qu).

TR

E
E
E
E

So, noticing that 7r(A, i) 1;_‘7" =u;(A),

[e9)

B 4) = E( 1 w,(4) =E(La(Ak) = L e, 18)

which is finite since «;(A) > 0 only for a finite set of 7 values.
(c2) From the computations above, it is clear that

B(4) | %) = 1. &, (4) = LA

Hence, the variance of the conditional expectation is
Var(E(p(A)[R)) = Y af (A)ri(1—r;).

i=0

We compute next the expectation of the conditional variance, namely E(Var(y(A) | R)).
Observe that, because of the conditional independence of the 7(A | Ry,),n € N, we have

[e9)
Var(n ZVar (A|Rw)|R) =Y Var(Nya|Rm).
m=1
Moreover,

Var(Ny,a | Riu) = E(Var(Ny,a | Rm, Sm) | Rim) + Var(E(Ny,a | R, Sm) | Rim)
=E(Sum(A,Ry)(1 — 7t(A,Ru)) | Rm) + Var(Smm(A, Ry) | Riy)

1—g 1—g
= 5 S 7(A, Run) (1= 70(A, Rw)) + — 70 (A, R)

Rm Rm

=t (A)(1— 70(A, Ry)) + t, (A) ZARm)

TR
= g, (4) (1 (A, R) () )
= atp, (A) (14w, (A)).

Therefore, Var(y ( JIR) =Yg Var(Nya | Rm) = Yoo ai(A)(1+ a;(A))I; and so,
E(Var(n(A)|R)) = a;(A)(1+ a;(A))r;. Collecting terms from the expressions above
and using the formula Var(n(A)) = Var(E(y(A) | R)) + E(Var(y(A) | R)), we obtain

oo (e

Var((4)) = Y a2 (A)ri(1 = 1) + ¥ ai(A) (1 + & (A))r
129 i=0 (19)
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(c3) The covariance Cov(17(A),7(B)), when AN B = @, follows immediately from the
formula for the variance, noting that y(AUB) = n(A) +#n(B). O

Corollary 1. For N € Z., the r.v. 5y (the number of near-records taking the value N) is
distributed as a mixture of a point mass at 0, with probability %, and a geometric distribution,

with a success probability equal to 11@. That is,

1+c (d —c)dk1
P =0) = , P =k)=-——+——, k>1, 20
(v =0) =174 (v = k) A+ (20)
where ¢ = ry and d = rN/gN-q—1. Moreover,
N+a—1 ,
E(7n) = pn o
i=N
) N+a-1 ri(2—r,) N+a—-1 .
Var(in) = PN 2 sz + PN 2 y*ll.r (21)
i=N ! i=N
N+a-1 ri(2—r))
Covlyn,fIn1) = PNPN11L ), T
i=N+1 7
Proof. After simple computations, we obtain the p.g.f.,
Niba-114+ P (1—#) g 41—t
(pWN(t) — Yi-1 ( ) (22)

v 1+t C14+d(1-t)’

which yields the probability mass function (p.m.f.) (20). Formulas in (21) follow from
Theorem 1 (c), observing that a;({N}) = %I[N,NH,” (i), fori,N € Zy. O

Remark 1. Note that a;(A) = %Zke[i_uﬂ,i]ﬂA Px, which implies Cov(y(A),n(B)) =0, if A
and B are at least a units apart; that is, if

min{|i—j|:i€ A,j € B} >a.

In fact, the r.v. 5N and npy are independent if |M — N| > a, due to the independence of the
r.v. I. In other words, the r.v. ny are (a — 1)-dependent.

4. Finiteness of the Number of Near-Records

Theorem 2. If ) °, rl.z < oo, then (Ry) < oo a.s; that is, the number of near-records in the
whole sequence (Xy,) is finite a.s. Moreover, (R ) has the finite expectation

E((R.)) = Y ai(Ra)r; 23)
i=0

and p.g.f. given by
14+ (=) —ta(Ry)

Py(r)(t) = g T+ (1 -ta(Ry) 7

(24)

with a;(Ry) = y’y—’l“ -1

Proof. From Proposition 1, we have

P(Su>0(R) = Y (1—q,) = 1 (1— 7)1,

m=1 =0

e

Taking the expectation above, we obtain
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where the final term in the display above follows from the Cauchy-Schwarz inequality.
Therefore, by the Borel-Cantelli lemma, P(S,, > 01i.0.) = 0, which yields the result.

In order to compute the p.g.f. of (R ), we observe that 7(n) > y(R.), and so,
by the monotone convergence theorem, ¢, () (t) = ¢, (r,)(t), for t € [0,1]. Furthermore,
from (15), we have

oy T L A=) =) 1+ (A=) (1 = Hai(Ry)
¢W(R+>(t)_,}5§og 1+ (1-t)a;(n) _g 1+ (1— ) (Ry) e

The interchange of the limit and product above is justified by the monotone conver-
gence theorem, after taking logarithms, since the sequence inside the product decreases
with 7.

Finally, (23) is obtained, for example, from the derivative of PR (t)att =1 oras

the limit of E(#(n)). Finiteness follows from the bound 1 — g; < Z;::l; as17j, used in (25),
which implies q; —+ 1. Indeed, for sufficiently large i, we have g; > 1/2 and

1 ¢ . 1—g;
MR == ) p=t 1= T <oy,
Yij—izan Yi qi

The conclusion «; (R4 ) < oo is obtained after arguing as in (25). [

5. Asymptotic Behaviour

We now focus on the asymptotic behaviour of #(n). From Theorem 2, we know that if
Y2 o 1% < 0o, then lim, . 77(n) is finite a.s. In this section, we obtain laws of large numbers
and a central limit theorem for /() under the assumption i, r? = oo.

Lemma 2. The random variables
Zi=Y Swlg,—p, i€Zy, (27)
m=1

are independent with p.g.f.

(Pzi(s) =1-r+ 1_(q1iiiql.)5/ s €[0,1]. (28)
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Proof. For simplicity, we prove pairwise independence since the argument extends easily
to the general case, but details are somewhat laborious. We compute the joint p.g.f. of Z;, Z;
as follows: fors,t € [0,1],

92,7,(5,t) = E(s ZitZ)
— E(S m= 157711{Rm ,}th 1Smn{Rm ]})
—E(E H SSm]I{Rm =i} tSmIl{Rm ]}‘R
(11 )
— E( [T E(s5Ltrn=i {51 irn- z}’R
(1T )
— & qu
— E(ﬂg 1—(1- qR {Rm:i} tn{Rm:/})
g;l; qil;(1-1;) ‘1/(1 L) — I
E(l = q151 Mgt T I-(Tqs T 1-(- 41)t+(1 B I]))
gir; 9;7; giril=ry) | g,(=r)r; '
T—(1—q,)s 17(l]*jf’lj)f+1 s + ]( 9t i =)=

From the formula above, we get ¢z, 7.(s, 1) = ¢z,(s), as in (28). In addition, ¢z, 7,(s, ) =
97,7 (s, 1)(PZi,Zj (1, ), which implies the independence of Z;, Z; because the interval of conver-
gence of the p.g.f. of Z; can be extended from [0,1] to [0, (1 — ¢;)~!). O

Remark 2. Note that Z; in (27) is the number of near-records associated to i if i is a record value
and is equal to O otherwise. Indeed, (28) shows that Z; is distributed as a mixture of a point mass at
0 and a geometric random variable of parameter q;, with respective weights 1 — r;, r;.

Our interest in the variable Z; arises from the following inequalities, which are

easily verified:
n+a—1

fZiSn(n)s Y. Z (29)
i=0 i=0

The strategy of the proof is to establish the desired asymptotic results for the sum of
Z;s, which are then transferred to #. For that purpose, we assume some minimal conditions
on the hazard rates r,, besides Y° ; r? = oo.

The following proposition gathers some useful facts about the variable Z;.

Proposition 3. (a) E(Z;) = iy, Var(Z;) = 1;2qiri((1 —gi)(1—=r) +1).

qi

(D) If Y2 o 1% = oo then U2 (E(Z;) = Y2 Var(Z;) = oo.
(c) If either
(i) Y2 ,r? =ocoandlimsupr, < 1or
(i) limr, = 1and lim 11 7” =1
hold, then
(c1) lim Wﬁkz)_) — lim % =0,Vk €N,
(2) —=Z2k__ L,0,vkeN,

o Var(Z;)

Proof. (a) The (factorial) moments of Z; are computed by differentiating the p.g.f. in (28).
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(b) From (a) we have
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For the variance, we obtain from (a) and the divergence of expectations that

Z Var(Z i i =

(c) Suppose that (i) holds. Then, liminfg,, > 0, which implies that expectations E(Z,)
and variances Var(Z,) are bounded above. Hence, from (b), the limits in (c1) hold.
Suppose now that (ii) holds, then g, = [T, _,. (1 —r;) — 0, and also,

| \/

= lim ;1 n— a+1(1 ri) = lim 1-ry 11 — 1
A+t T2, a2 (1-70) 1=Tup1
hence Bl : ( :
. Z . 1- r .
lim ntl) — lim Tnt1)9nlntl — i I — 1. 1
E(Zn) Tn+1(1=qn)7n In+1 (3 )

The same argument applies to prove that Var(Z,,.1)/Var(Z,) — 1 and so, claim (c1)
follows from Lemma A1. Finally, convergence in (c2) is obtained from (c1) and Markov’s
inequality, noting that, from (a), we have (E(Z, ))? < Var(Z, k). O

Theorem 3. If either
i it rl.z = co and limsup,, r, < 1 or
(i) lim,r, = 1and lim, nP(1 — 11:”‘ ) =0, for some g € (1/2,1),

then o (n)
nn a.s.
Epm)

Proof. By (29) and (c1) in Proposition 3, the result follows if we show that

YioZi @ as.
7;’:01%(21') — 1. (32)

By the strong law of large numbers for sequences of i.i.d. r.v., (32) follows if we
prove that

Y Ytz oo, (33)

n:O( ?ZO]E(ZI'))Z

Suppose first that (i) holds. Note that Var(Z;) < 2E(Z;)/q;, i € Z4 and also that
liminf, g, > 0. Hence, there exists a positive constant vy such that q,, > 7, forn € Z,.. So,

- Var(Zy) <9 -
» (T E(Z)" ~ ;

n=0

" E(Z) )2 < oo, (34)

where convergence in the right-hand side of (34) follows from Abel-Dini’s Theorem A1l.
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On the other hand, if condition (ii) holds, then it is easy to see that g, — 0 and

lim,, nP (1 — qnq—”) = 0. In addition, g,E(Z,) — 1 and ¢g2Var(Z,) — 1. Therefore, (33) is
equivalent to

0 -2

qn
[ ¥/ S— < oo/
n;O (Zz‘nzo qfl)Z

which follows from Proposition A1, thus proving the stated result. O

Theorem 4. If either
(i) Y5217 =coandlimsup,r, < 1or

(ii) lim,r, = 1and lim,, 11 =1,

then
1) —EG(m) 2, 0,1y (35)
Var(y(n)) o

where N(u,02), u € R,0 > 0 stands for the normal distribution with expectation u and
variance o>.

Proof. First, we prove asymptotic normality for }_}' ; Z; and then transfer the result to #(n).
To that end, we show that the following Lyapunov condition holds:

1 n
— Y E(|1Zi - E(Z)P) =0, (36)
Sn i=0
where s2 = Y Var(Z;). Indeed, from the elementary inequality | a — b [3< a3 + b3, for
a,b>0,we get
B(12 —E(Z)P) < B(Z)) + (B(2)) = U (g —6q; +6) + 2(155)". @)

Note first that Var(Z;) > E(Z;). Moreover, if (i) holds, then liminfgq, > 0, and
from (37) above, we obtain E(|Z; — E(Z;)|*) < KE(Z;), i 6 N, where K > 0 is a generic
constant. So, the sequence in (36) is bounded above by K(Y"_; E(Z;))~1/2, which tends to
0, because of Proposition 3 (b).

If (ii) holds, then g, — 0, which implies E(|Z; — E(Z;)[?) < K1q1f3 and Var(Z;) > qulﬂ’
for sufficiently large i € N, where Ky, K, > 0 are generic constants. Then, the Lyapunov
condition in (36) holds if

Ap = _Tied 55 — 0.
( 7:0 qz )
From the Cauchy-Schwarz inequality, we have } ' qlf3 < (Zloq; Zyn q;4)1/ 2,
and so,
n -2 yn —4
A2 < Liiod “Yitodi~ _ _Xit 0" 0. (38)
U@ (Ehea)
Convergence to 0 in (38) is obtained from Lemma A2, since q,,_1/q» — 1.
From the Lyapunov central limit theorem, we conclude that

i=0 Zi—szn?:o E(z) D, N(0,1),
which, by (29) and Proposition 3 (c2), implies that

W TLEZ) D, oy )

Sn
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E(n(n)) < ZHITE(Z). In

Now, taking expectations in (29), we have } ' ; E(Z;) <
Var(Z, k), and so

addition, from (a) in Proposition 3, we have (E(Z,))? <

n(m)=E(y(n) D, N(0,1), (40)

Sn

by (b) and (c1) in Proposition 3. To conclude the proof, we must show that

Varig(m) _, 1. (41)

Sn

From Theorem 1 (c), we have Var(n(n)) = Y2 a;(n)ri(a;(n)(2 — ;) + 1), and noting that

(yi—a—yi)/y; fori<nm,
ai(n) =< (yia—yn)/y; forn<i<n+a-1,

0 fori>n+a—1,
we obtain
noo o n+a—1 o o
Var(y(n)) = ) "5t (Mp 2 - n) + 1)+ ) P (P (2 - ) +1). (42)
i=0 i=n+1

In addition, from Proposition 3 (a), we get

1—g; 1—g:
Var(Z;) = JH(JU — 1)+ l.)

qi qi qi
_ Yia7 Vi, (Yia"VYi N\ _ YiaVi Yi—a
T i rl( Yi (2=r) i Ty )
_ Yi—a"Yi, (Yi—a"Yi .
— 1;]_ ’r,(’;l_ 1(2—r1)+1),

and, from (42), we have Var(y(n)) — s2 > 0 and

n+a—1
Var(y(n)) — s = ety (M (2 - ) +1)

i=n+1
nta-1 - v

< %7;, ylri(ﬁf;i Yi (2_ri) +1>
i=n+1
n+a—1

= Y Var(z).
i=n+1

From the inequalities above, (41) is a direct consequence of (c1) in Proposition 3. [

6. Examples

In this section, we present some examples of application of our results to particular
distributions. For each distribution, we consider the r.v. #y analysed in Corollary 1.
In particular, we give formulas for E(#y), Var(ny) and the correlation p(7y, 7n+1). We
also study the asymptotic behaviour of 7 ().

The distributions that we consider in this section are very different in terms of their
right tails. Example 2 is devoted to a heavy-tailed distribution, similar to the Zeta distribu-
tion (see Example 3.1 in [16]), which is the discrete counterpart of the Pareto distribution.
Example 3 deals with the geometric distribution, which has an exponential-like tail, while
Example 4 is about the Poisson distribution, which is light-tailed.
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Example 2 (Heavy-tailed distribution). Let py = (k(k+1))~!, hence y; = (k+ 1)~ and
e = (k+1)71, k € N. Then, from (21) we have

E(N) = vy

Var(;y ) N2+3N+a

NN+
1)(a+2N+1
Cov(1N, IN+1) = %%
B (a—1)(a+2N+1)
pUIN, 1IN 1) = ay/(N2+3N-+a)(N2+5N+a+4)
Note that p(yn, IN+1) ~ (aa U1 as N — oo, for every a > 1. The p.m.f. of #y can be
obtained from (20) by noting that c = g7 +1 andd = N?II\T -;-11)

Regarding the asymptotic behaviour of 77(n), we observe that Yt 7? < oo and so,
from Theorem 2, n7(n) — (R ) < co a.s. We now compute the main characteristics of this
r.v. For the expectation, note that a;(R;) =i, fori < a, and a;(Ry) = fori > a. So,
from (23), we obtain

a
i—a+1’

E((R+)) = ) 1 + L moyi=ary = &

It is interesting to see that the expected total number of near-records is equal to the
near-record parameter a. For the variance, we use (19) to obtain

a—1 00 ’
Var(y(R.)) = By (R:)) + L P2 =) + L (i) 2 =),

which, after some algebra (see Appendix B), yields
a

Var(y(Ry)) =a —3a+2(1+1) Z (a—1)%. (43)

In addition, the p.g.f. of (R ) is easily computed from (24) as
a 1)(1-4) = (1-1)
PR+ (t) - 1—{(1 o 1-&51(1 1)i(1— t)) 111 (1 o (i—al;i-i-ai(l—t) ) : (44)
1= i=a

The p.m.f. of #(R;.) can be obtained from (44). For instance, taking t = 0, we get

P(I(R+) = 0) = g, (0) = [ [ (1 - mnlgi=1l).

i=1

Example 3 (Geometric distribution). The geometric distribution has py = p(1 — p), y; =
(1—p)*1 1 = p, fork € Z., with p € (0,1). From (21), it is easy to see that

E(nn) = ((1 p)e 1)'
Var(y ( 1 >+P(ﬁ_1)'
Cov(nn,N+1) = 1}7—7 (W - 1)'

Observe that none of the quantities above depend on N. The p.m.f. of 77y is given by
(20), withc =p,d = (1 oy
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Since 1, = p,k € Z,, hypothesis (z) of Theorems 3 and 4 holds, and so we have a
strong law of large numbers and a central limit theorem for #(n). For Theorem 3 note that
n(n) = Y {—o 7~ and therefore,

7](”) a.s. 1 _
().

For the central limit theorem, as shown in the proof of Theorem 4, we can replace
Var(n(n)) by Y.’y Var(Z;) in the denominator of (35). Since q; = (1 — p)*, for i > a, from
Proposition 3 (a), we get

0= Var(Z;) = G p(1— (1= p)") (1= p) +1).

Therefore,

1
) " o, N(0,0?). (45)

Example 4 (Poisson distribution). The Poisson distribution has py = e AR /Kt fork € Zy.
Although there is not a manageable form of y; and ry, the following bounds, taken from
[17], are useful:

2
A A A
B (dn) <1-n<gy  kelZe (46)

Explicit expressions for the quantities in (21) can be written out, but they shed little
light on their dependence on A and N. Instead, we analyse their asymptotic behaviour for
large N. By (46), rx — 1,50 yx/yx_1 — 0. Therefore, "N 14" #;/y; ~ 1/yn+4-1 and

PN _ 'N N(M)”
YN+a—1 (1-rn)-(1=rNta-1) A

as N — oo. This immedjiately yields the asymptotic behaviour of the formulas in (21):

E(nn) ~ (%)a
Var(nn) ~ (%)zuf
Cov(1N, IN+1) ~ (%)2‘171/

and p(nN, 7n+1) ~ A/N. Hence, as in Example 2, the correlation coefficient between 1y
and 7741 converges to 0 as N — co.

For the asymptotic behavior of #(n), note that (46) guarantees that lim, r, = 1 and,
moreovet, |r, — 1, 1| < C/ n2and 1 —r, > D/n, for all large enough values of n and
some positive constants C and D. Hence, condition (ii) in Theorem 3 holds, with g = 3/4,

and so does condition (ii) in Theorem 4. In order to apply Theorem 3 note that, since
1

E(yn) ~ (N/A)", wehave E(17(n)) = YN—o E(yn) ~ % and

n(n) as, 1
na+l — A(a+1)

For the central limit theorem, as in Example 3, the scaling sequence can be taken as

(X Var(Zi))l/z. Since q; = H;::i_ﬂJrl(l — rj) — 0, we have Var(Z;) ~ q;z ~ (i/A)?%, s0

n n2a+1
Var(Z;) ~ ———+——.
;) i)~ e Ga s 1)
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In addition, from the proof of Theorem 4, the centring sequence in the central limit
theorem can be chosen as ) /', E(Z;), which in turn can be replaced by Y} , qi_l. Indeed,
fori >a,

i-1
1-r _
e; = ‘]E(Zl-) - %‘ =glri—rgi -1 <1+ 20 =14+ J] -
j=i—a+1

Thus, by (46), Y1 o e; < n+ Cn?, for a given constant C > 0, which implies

We can further replace } /' , qi_l by % since, by (46), it can be shown that

.\ a
i (1) <

for all i > a and some constant C > 0. Therefore, we conclude

a+1
n(n) — %
% 2, N(0,0?), 47)

hereo = —1—.
where 0 = 7=

Remark 3. In Examples 3 and 4 above, we observe that the normalising sequences in the law of large
numbers and central limit theorem depend on the right-tail behaviour of the parent distribution of
the observations. This is also the case for the speed of convergence of 17(n) to the normal distribution
in the central limit theorem, as shown in Figure 2. Convergence is very fast for the geometric
distribution, while it is much slower in the Poisson distribution (the distribution of 1(30) in the
geometric distribution is closer to the normal than the distribution of 1(100) in the Poisson).

—— Density N(0,1) —— Density N(0,1)
— n=5 — n=5
< < _
S n=10 S n=10
— n=30 n=30
n=100 n=100
™ «
o 7 =}
z 2z
£ z
c
a8 84 8 o
“ <
o 7 =}
o g -
s T T T T T T T T T T
-4 -2 0 2 4 -4 -2 0 2 4

Normalized number of near-records (a=3) Normalized number of near-records (a=3)

Figure 2. Smoothed histograms for simulated values of the normalised sequences 7(n), given

in (45) and (47), with a = 3, different 1 values and 10° runs for each setting. Left panel: Geometric
distribution with parameter p = 0.5. Right panel: Poisson distribution with rate A = 1.

7. Conclusions and Future Work

In this paper, we have studied the point process of near-record values from a sequence
of independent and identically distributed discrete random variables. Near-records arise
as a natural complement of records, with applications in statistical inference.
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We have shown that this process is a Bernoulli cluster process and obtained its proba-
bility generating functional, as well as formulas for the expectation, variance, covariance
and probability generating functions for related counting processes.

We have given a condition for the finiteness of the total number of near-records along
the whole sequence of observations. This condition is provided in terms of convergence
of the squared hazard rates series. In addition, the explicit expression of its probability
generating function is obtained.

In the case where the total number of near-records is not finite, strong convergence
and central limit theorems for the number of record values in growing intervals are derived
under mild regularity conditions. Finally, we have presented examples of the application
of our results to particular families, which show that the asymptotics of near-record values
depends critically on the right-tail behaviour of the parent distribution.

Some interesting questions remain open, such as a more detailed analysis of the se-
quence 7 (1), including the law of the iterated logarithm and large deviations, or departures
from the i.i.d. hypothesis (e.g., linear trend model). They will be addressed in future work.
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Abbreviations

The following abbreviations are used in this manuscript:

a.s. Almost surely
iid. Independent and identically distributed
i.o. Infinitely often

p.gf.  Probability generating function
p-gfl.  Probability generating functional
p-m.f.  Probability mass function

r.v. random variable(s)

Appendix A. Technical Results
In what follows, (x,,), (vx) are sequences of positive numbers and S,, = Y }_; xy, for
neN.

Xni41—Xn

gt oxy
T L implies lim,, 72 = L. In

Lemma A1 (Stolz-Cesaro). Suppose y, — oo, then lim, v

particular, if x,, 11/ %, — 1 then x,,/ S, — 0.

Proof. See, for instance, [18]. O

Lemma A2. Ifx, — oo and x,_1/x, — 1, then x,,/ Sy — O and Yy}, xl-z/S% — 0.
Proof. See lemma Alin [19]. O

Theorem A1 (Abel-Dini). Suppose that S, — oo, then ) ;> ; ;—g < ocoifandonlyifa > 1.
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Proof. See [20], page 441. [

Proposition A1. Suppose that x, — oo and nP (1 — x’;—;l) — 0, for some B € (1/2,1), then

o ¥
Zn:l 2 < 0.
n

Proof. The hypotheses imply that there exists C > 0 such that x,, /S, < Cn—Pforalln >1
(see pages 2013-2014 in [16]). The conclusion follows from the convergence of the series

Yoo n2PforBe(1/2,1). O
Appendix B. Computations of Var(#[0,c0)) in Example 2

Note that Var(y[0,00)) = a+ A —B+C— D, with A = 2571 2 B = ¥ 1 (g

oo foe) 2
C =20 5%, oy and D = L2, (i) - We have
5 1
2:(1—2—1— 2(““‘“ 2a+H(a)) =a% —3a+2H(a),

where H(n) is the n-th harmonic number. In a similar way for B we have

=y 123+ k=a-2m+ )k

i=1 i=1 i=1 i=1

\ —_

The sum in C can be computed via simple fractions as follows:

o0 a o0
— 242 1 1 1 _ 1 1 _ 2
C=2a Z(uZ(m) taarz az(i7u+1)> =-2) j+20) p=—2H(a)+a%.
1=a

Finally, for D, we can split the sum and compute as follows:

oo

_ 2 1 2 _ 1 2
=a Z(az w1t A T e a3(z>a+1)) = ;1 7 —oH@)+%.
1=a

Then, collecting the partial results above, Formula (43) is obtained.
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