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Note on integer-valued bilinear time series models
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Summary. This note reconsiders the nonnegative integer-valued bilinear processes introduced
by Doukhan, Latour, and Oraichi (2006). Using a hidden Markov argument, we extend their
result of the existence of a stationary solution for the INBL(1,0,1,1) process to the class of su-
perdiagonal INBL(p, ¢, m, n) models. Our approach also yields improved parameter restrictions
for several moment conditions compared to the ones in Doukhan, Latour, and Oraichi (2006).
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1. Introduction

In many sciences one encounters nonnegative discrete valued time series, often as counts of
events or objects at consecutive points in time. Especially in economics and medicine many
interesting variables are (nonnegative) integer-valued. For example: the number of transac-
tions in IBM during each minute, the number of patients in a hospital at the end of the day,
the number of claims an insurance company receives during each day, the number of epilep-
tic seizures a patient suffers each day, etcetera. Until the mid seventies modeling discrete
valued time series did not attract much attention since most traditional representations of
dependence become either impossible or impractical. The last two decades there were many
developments in the literature on integer-valued time series; see McKenzie (2003) for a de-
tailed review; for example, INteger-valued Moving Average processes (Al-Osh and Alzaid
(1991)), INteger-valued AutoRegressive processes (Al-Osh and Alzaid (1987), Al-Osh and
Alzaid (1990), and Du and Li (1991)), and Generalized INteger-valued AutoRegressive pro-
cesses (Latour (1998)) are common choices. Doukhan et al. (2006) introduced the class of
nonnegative INteger-valued BiLinear time series, which contains the three aforementioned
classes. Higher order processes turn out to be highly releveant see (Latour (1998)) for the
class of GINAR models. For extensions to regression based count data time series models
see, for example, Fahrmeir and Tutz (2001) and Kedem and Fokianos (2002).

Recall the definition of an INBL(p, g, m,n) process: let (X_1,..., X _pvm,e—1,-..,E—qvn)
be the (nonnegative) integer-valued initial points generated by some probability distribution
v, and define X;, t =0,1,2,..., recursively by,

m n

p q
Xe=> aoXi i+ Y Bioej+ Yy Y oo (Xerere)+er, (1)
i=1 j=1

k=1 /=1

where (g¢)¢>0 is a collection of 1.i.d. nonnegative integer-valued variables with distribution G
with mean pg € [0, 00] and variance o € [0, 00, and where the Steutel-van Harn operators
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no applied to some nonnegative integer-valued random variable Z are defined as

Z
noZ = ZUS(U)’
s=1

where ( S(" ) )s>1 is a collection of i.i.d. nonnegative integer-valued variables with distribution

function F, with mean 7.* In proofs we suppose, without loss of generality, p=g=m =n
since we may introduce additional lags in (1) with = 0 or equivalently F;{0} = 1. The
class of GINAR(p) processes arises by taking ¢ = m = n = 0. Specializing further to the
situation where the F-distributions are Bernoulli, one gets the class of INAR(p) models.
Similarly INMA(q) processes are obtained when p =m =n = 0.

In this note we consider stationarity and existence of moments of superdiagonal
INBL(p, g, m,n) processes with v, , = 0 if & < £. Using Markov chain techniques we ob-
tain the existence and uniqueness of a strictly stationary solution of (1) when ), a; +
UG D g o Vee < 1 (see Theorem 2.1). Theorem 2.2 provides sufficient parameter restrictions
ensuring the existence of (higher-order) moments under the stationary distribution. Along
completely different lines our results generalize Sections 2 and 3 in Doukhan et al. (2006)
who restricted attention to the INBL(1,0,1,1) process. Moreover our parameter restric-
tions in Theorem 2.2 are less severe. Estimation of superdiagonal INBL processes can be
performed along the same lines as in Doukhan et al. (2006); The details are beyond the
scope of this note.

2. Results

First we discuss the existence of a stationary solution. The insightful proof of Theorem 2.1
in Doukhan et al. (2006) gives an explicit construction of approximating processes for the
INBL(1,0,1,1) process. For the general superdiagonal INBL(p, ¢, m,n) case we provide a
compact proof using Markov chain techniques, yielding also an alternative proof for the
INBL(1,0,1,1) process.

Let F % G denote the convolution of the probability measures F' and G and introduce
the process Z = (Z;)i>0 by

Zy = (Xt—17~~-aXt—p\/myst—lw--7€t—q\/n)~ (2)

Notice that Zy ~ v. It is easy to see that Z is a Markov chain. For ¢ > 0 and 2z =
(@p—1,- - Te—pym, €4—1, - - -, €4—qvn) We have

P(Zi41 = ze41 | Ze = 2z1)
= G{e} (W= (ks Fuy) ¥y (5657 Fy ) 4y o (565 Fy, ) {2 — e,

*TImplicitly it is understood that distinct Steutel-van Harn operators are independent and also
that Steutel-van Harn operators applied to different random variables are independent; see also Du
and Li (1991).
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if 241 = (2,41, Tifi—pyms €, €—1, ..., E41—qvn) for some e,z, and with
P(Ziy1 = zt41 | Zt = z:) = 0 otherwise. From (1) it is immediate that, for ¢ > 0,

P q m n
E[X; | Z] = pa + Z ;i Xy + Zﬂjgtfj + Z Z%A,ethkEtfz € [0, c0]. (3)
im1 i=1 k=1 6=1

The following proposition provides sufficient conditions for Z to be an irreducible aperiodic
Markov chain. The proof is immediate from the definition of the state space.

Proposition 2.1 Let Z be the time series defined in (2) linked to the INBL process X
defined in (1) and assume, for all relevant i,j, k, ¢,

0<G{0}, 0<F,{0}, 0<Fs{0}, 0<F, {0} (4)
Then Z is an irreducible aperiodic Markov chain on the state space
S={z|3%>1:P(Z:=2|2Zy=0) > 0}

Remark Condition (4) allows the process X to arrive at 0 and therefore (4) seems to be
harmless in real-life applications. Condition (4) can be easily verified from a sufficiently
long data series just by checking whether the process has hit zero. At the cost of lengthy
derivations, condition (4) might be weakened but this is outside the scope of this short note.

Theorem 2.1 Let X be the superdiagonal INBL process as defined in (1) with vy ¢ = 0 if
k < ¢ and assume (4), 0% < oo, 23:1 Bj < oo, and

p m n
it naY > wme<l (5)
i=1 k=1¢=1

Then there exists a unique initial distribution v* such that X is strictly stationary under
P,«. Furthermore the first moment of X is finite under P, «.

PrROOF. We prove that there exists a unique initial distribution »* such that Z is sta-
tionary under P+, which yields the result. Since Z is irreducible and aperiodic on S (and
since, for countable Markov chains, finite sets are petite) it suffices to prove, see Theo-
rem 15.0.1 in Meyn and Tweedie (1994), that there exists a mapping V : z — [1,00) such
that the following Foster-Lyapunov drift criterium holds: there exists § > 0 and a finite set
such that for all Z; outside this finite set we have

W(Zi) = (L= 6)V(Z) = E[V(Zi41) | Zi] = 0. (6)

Take, for notational simplicity, p = ¢ = m = n. To verify (6) choose ¢ > 0 sufficiently small
such that

1
;ai + ke ;’Yk,e <(1=6)"—nd— in(n + 1)uad,

and define V' : z — [1,00) by

V(Z) =1+ aiXe i+ Y Bicrj+ Y e Xe ke,
B j k>
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where the nonnegative tilde parameters are recursively defined from a,+1 = fGpt1 =
’%Hrl,f =0 and

1—-080a; = &1+ peYit11 + o +0,
(1=0)8; = PBjy1+06;+9,
(1 =0)Vke = Arsrer1 + ke +0

Note, by the choice of 4,

0=d1+pciig = (i +0)/(1=08) +pcY (yhe+0)/1—08)F <

% k>¢

Hence we obtain, using (1), (3), and the independence of €, and X; — &,

W(Z:) = — 6 — pe(dr + B1) — (ug + 0&)i11
+ Z [(1—6)d — (@1 + peia)os — Qv — HeFitr,1) Xe—i

—i—z [(1- (&1 + pein1)B; — Bi+ler—j

+ Z (1= 0)Fk,e — (@1 + peV1,0)Vke — Vht1,041] Xt k€10

>e
= —0—pg(@+ [31) — (ug + 0%;)%,1 +(1-8)x
1)
Z( Xt i +Z Bj + Et j +§ Vet 1 H)thkgtfé

Conclude W (Z;) > 0 outside a finite set. Hence the drift condition (6) holds, which concludes
the proof of the stationarity. The existence of the first moment under v* is immediate from
Theorem 2.2 below. O

Remark For p = m =n =1 and ¢ = 0, (5) reduces to the condition of Theorem 2.1 in
Doukhan et al. (2006).

The next theorem gives a sufficient condition for the existence of higher order moments
of X; under P,-.

Theorem 2.2 Let X be the superdiagonal INBL process as defined in (1) with vy, ¢ = 0 if
k < £. Suppose, for some K € N, the existence of the K-th order moments of Fy,, Fg,, and
F,, ,, and assume (4), Egef < oo, ZJ 1 Bj < 00, and

m n

Z o; + Egéo /K Z Vee,o < 1. (7)

k=1/=1

Then, with v* the stationary distribution of Theorem 2.2,

E,- X < .
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PRrROOF. Recall from Proposition 2.1 that Z is an irreducible aperiodic Markov chain on

S and 0 € S. Hence, since Z has stationary distribution v*, we have Z; 4, v*, under Ps,
as t — oo. Thus the convergence also holds for marginals. By the Portmanteau theorem,
and nonnegativity of X, this implies for L € N,

E,-XF™! <liminfEs, X 7! < sup Es X/t (8)
t—oo - 0<t<oo

To prove that the right hand side of (8) is bounded for L < K +1, we use induction. Clearly
the statement holds true for L = 1. To show the boundedness for L = 2 we make some
preliminary remarks. Denote, for notational convenience, Es, by Eqo and let, for P > 1,
IZllp = (]E0|Z\P)1/P denote the Lp(Ps,) norm. Recall |- ||p < ||-||q for 1 < P < Q. Hence
(7) implies that >, a; +[lgollv > p o Ve < 1 for all 1 < v < K. Since, for t <5, X; —¢; and
g, are independent, we have, for P > 1,

IXeeslp < 1(Xe = ed)esllp + leeeslp < lleollp | Xellp + lled]lp- 9)

Using (3), (9) with P = 1, the zero starting values, and (7), the boundedness for L = 2 is
obtained from,

EoX: = po+ Y iBoXi i+ Bipa+ Y vk eBoXi ke e
i j k>0
< petue Y B+ (g +08) Y e+ Y iBoXe i+ pua Y vmeFo Xk
J k>0 i k>2
S
< petne Y B+ (e +0d) Y | D[ Dcitued we| <o
j k>t s=0 \ i k>0

To complete the induction, we assume that the right hand side of (8) is bounded for some
2 < L < K and we prove that this implies supg<;<oo Es,X{ < co. We use the following
result (see, for example, Dharmadhikari et al. (1968)).

Lemma 2.1 If Z,,...,Z, are ii.d. variables with mean zero and a finite k-th moment,
k > 2, then we have the bound

k
< Cpn*PE| 7, 1F,

n

D Z

s=1

E

where the constant Cy, > 0 only depends on k (and not on the distribution of Z; ).

Using that the Steutel-van Harn operator n o Z, conditional on Z, follows a *SZ:1F,, distri-
bution, Lemma 2.1 implies the following inequality for L > 2,

Elno Z —nZ|* =EE [lno Z —nZ|* | Z] < CLEZ?E|U™ —p|b < Cp,l1Z)I77%. (10)
We have for ¢ > 0, using (9),

Xl < I1Xe =) aiXemi =Y Bigej— > WwaXeoncilL
i J

k>0
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FID X i+ B+ > waXiweilr
2 J

k>0

< Z llos o Xy—s — s Xl + Z |85 0€—5 — Bjes—sll
[ J

+ Z 1Vk,e © (Xe—rer—r) — Ve Xe—rer—e|lL + |lee]l
k>t

+ ) il Xl + > Billee—ille + > wwellleollliXe—rlL + leliz)
i 5

k>0

|Xt7kHL7

< M4 ail| Xl + lleoll D e
7 k>t

where the appropriately chosen constant M < oo, not depending on ¢, can be obtained
from the assumed moment conditions and the induction hypothesis applied to (10) and (9).
Condition (7) completes the induction argument just as for the case L = 2,

S

Xl <MY Do+ llzoll > e
s=0 7

k>
This completes the proof. O

Remark For the INBL(1,0,1,1) process Doukhan et al. (2006) showed that the condition
U@ | + [leollx|[U™ ||k < 1 suffices to obtain the existence of the K-th moment of X;
under P,-. Condition (7) is weaker since, for K > 1, n = [|[U™|; < [|[U™||k.
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