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Abstract

The Threshold Moving Average model with k regimes of order ¢ is examined. In
particular we provide sufficient conditions for its invertibility by generalizing some
results reported in the literature. In the first part of the paper these conditions are
presented assuming that the innovations of the model do not differ among regimes
whereas, in the second part, they are extended to a more general case, to our
knowledge never treated before, where the innovations change among regimes.
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1 Introduction

The study of stochastic processes is often focused on the investigation of the probability
properties (such as stationarity, ergodicity and invertibility) that give important require-
ments under which to make statistical inference and generate predictions. In this domain
the most relevant results have been reached in the context of linear models (see [1] among
the others) whereas a small number of contributions has been provided for nonlinear
structures.

Based on these considerations, in this paper we present the invertibility of nonlinear mov-
ing average models. In particular we focus on the so called Threshold Moving Average
(TMA) models that belong to the class of threshold nonlinear structures widely presented
in [8].

The TMA model has been extensively investigated in [2] whereas [6] propose a quasi-LR
test for linear moving average (MA) against TMA models (recently generalized in [5] to
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the TMA-GARCH models) and give some contribution on the TMA invertibility. This
last topic has been empirically treated in [3] and, more recently, it has been examined in
[7]. They establish necessary and sufficient conditions for the invertibility of TMA models
with moving average order ¢ = 1 and k = 2 regimes, even depicting some developments
for the more general TMA model with k& > 2.

In the present paper the invertibility of these models is further discussed. In particular
we provide sufficient conditions under which a general TMA model of order ¢ > 1 with
k > 2 regimes, is invertible.

More specifically, in Section 2 we present the invertibility conditions of a TMA (k; ¢) model
and, starting from them, the TMA(2;1) model is treated in detail as illustrative example.
In Section 3 a graphical representation of the invertibility region, over the parametric
space, is presented showing that the invertibility of the TMA model cannot be limited to
that of each regime. Further developments to more general TMA models, with innova-
tions that differ in their distributions among regimes, are given in Section 4 where some
concluding remarks are reported at the end.

2 Invertibility of TMA (k;¢) models

Given a strictly stationary process X, it follows a TMA(2;1) model if
Xi=e —[p+vI(Xi—a < 7)€, (1)

where {¢:} is a sequence of independent and identically distributed (i.i.d.) random vari-
ables, |r| < oo is the threshold variable, d € N'* is the threshold delay and I(X;,—4 < r)
is the indicator function:

1 if thd S T

2
0 if X/,_,i >, ( )

[(Xt—d S T') = It—d = {

The statistical properties of model (1) have been investigated in [7]. They give the condi-
tions under which the model admits a unique strictly stationary and ergodic solution and
further show, under proper assumptions on ¢ and on the distribution of {¢}, a sufficient
condition for its invertibility. In particular they state that given a strictly stationary and
ergodic process X; ~ TMA(2;1) with E[|In | X;||] < oo, model (1) is invertible if:

' XD+ XD < 1, (3)
where 0 < Fx(r) = P(X, <r)=E[l, 4 =p<1.!

Starting from these results, it is interesting to remark:

! Fy (r) defines the probability that X; belongs to the first regime or, in other words E[I;_4]; conversely
1 — Fx(r) is the probability that X; belongs to the second regime, or 1 — E[[;_4].



Remark 1. When E[[;_4] =1 (or E[I;_4) = 0) model (1) degenerates to a linear moving
average process (widely discussed in [1]) and the inequality (3) matches the invertibility
conditions given for this class of models;

Remark 2. The invertibility region (over the parametric space) (3) is wider than that
obtained overlapping the invertibility regions of the two regimes (that, in any case, is

included in (3)).

The conditions and the results established on the invertibility of the TMA(2;1) model in
Theorem 2 of [7] represent the starting point of the issues given in the following pages
where more general results for a TMA(k; ¢) model are provided.

To simplify the presentation of the theoretical results without constrain their generality,
we show all results for a TMA(k; ¢) model, with & =2 and ¢ > 1.

Let X; ~ TMA(2;q):

q

Xe=e&— Y [6i+ Uil (Xema < 7)€, (4)

=1

model (4) can be given as

q q
Xy € — Z(fbv + i) g€ — Z Gi(1 = L_g)er—;
i=1 i=1

= [1=1,_40(B) — (1 —1,_)®(B)e (5)

q ) q .
where B is the lag operator such that B*X, = X;_5, ®(B) = >, ¢;B*, ©(B) = >_ 6;,B"
i=1 i=1

and 0; = ¢; + 1y, for i =1,2,...,q.
The model (4), can be also presented in the following notation. Let:

€t Xf, 91 ¢1
€ 0 0.

a= | x= || e e=]|”
Et—q+1_ 0 0q ¢q

four (¢ x 1) vectors and

_0/ /
Ava=Iial 0}+(1—L,_d) ["I’ 0}=L,_d@+(1—h_d)¢>,

where 0 is a [(¢ — 1) x 1] null vector and I is a (¢ — 1) identity matrix, the Markovian
representation of model (5) is:

€ = Xt + At,det,l. (6)



After n iterations, model (6) becomes:

n j—1 n
€ =X, + Z (H At—d—i) Xi—j + (H At—d—i) €tn—1,
i=0

j=1 \i=0

where €, if pre-multiplied by the vector 1’ = (1,0,...,0) such that ¢, = 1’€;, becomes:

n Jj—1 n
ag=X+1 Z (H At—d—z’) X +1 (H At—d—i) € n-1. (7)

j=1 \i=0 i=0
Model (7) is used to discuss the invertibility of the TMA(2;¢) model as follows.
Theorem 1. Let Xy ~ TMA(2;q) a strictly stationary and ergodic process with E[| In | X,||] <
oo, Xt is invertible if:

AO)FIN®) <1, (®)
where \(®) [or \(®)] is the dominant eigenvalue of ® [or ®] and p = E[L_,].
Proof. Starting from model (7), then

n j—1 n
€ — Xy — 1/2 <H At—d—i) Xt—j =1 <H At—d—i) € n—1
i=0

j=1 \i=0
and X, is invertible if

n

H |[Ai_qi] =0, as n — oo. 9)
=0

Using standard results of matrix algebra (see among the others [4]) and the notation in
Appendix, it follows that:

n
[T1Aa
=0

[[17ai®+0—14i)®

i=0

< H g MO+ (1 — I g ) A(®)T]|

= exp {Z”:hl [1—q—iNO) + (1 — It_d_i))\(<1>)1} .

Recalling that I,_4_; is the indicator function defined in (2), we have:

[TAail < exp{1n|/\(®)I|ZIt_d_7;+ln|)\(<I>)I|Z(1I,,_d_,;)}.
i=0

i=0 =0



Noting that —5 37" Ii_q—i = p+ Op(n~"/?), then:
[T1A el < exp{InA@)I|(n+ 1)(p+ Op(n~"/?))
=0
+In(A(@)|(n+1)(1—p+ Op(n’lﬂ))}
_ |)\(®)I|(n+1)(p+0p("’1/2)) ‘)\((I))I‘("+1)(1*p+0p(n"/2))

—p\ (n+1) n n~1/2
(M@ A@)[) " IA@)A(®)| "I T,

where, observing that (|A(©)[ |)\(<I>)|17p)(n+1) is of order O(n), the convergence (9) is
obtained if:

@) [A(®@)]"" < 1.

]
Under the conditions of Theorem 1, model (7) can be given as:
00 j—1
=X+ > UV |[[(®fai+ @1~ Lg)| Xiey. (10)
j=1  Li=0

Remark 3. When ® = ® (or p = 0,1) in model (6), the inequality (8) corresponds
to the invertibility condition of a linear MA(q) model whereas if ¢ = 1 then \(®) = 6,
A(®) = ¢ and the condition (8) matches (3).

The inequality (8) and model (10) can be generalized to the case of a TMA(k; ¢) model,

k
Xt =€+ Z (7/}5,1@71 + 1/)5,261572 + ...+ ws,qgtfq) ]5,t7d7 (11)
s=1
where 1), ; is the parameter i of regime s (for s =1,2,... kand i =1,2,...,q), I 4 is

the indicator function that now becomes:

I 1 if re1 <Xig<rs
1 0 otherwise,

with ZEZI I;;—q =1 and threshold values —co =19 <r; < ... <1 = 0.
Model (11) has markovian form (6) with

k ’
A= Z Is,t—d\I’sv where ¥, = |:1§ 0:| and '¢l = (ws,lv cee 71/)541)7

s=1

from which the invertibility conditions are provided in the following corollary.
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Corollary 1. Let X, ~ TMA(k; q), under the assumptions of Theorem 1, X, is invertible
if:

Pe < 1, with Ps = E[[s,tfd}a

and €; can be given as:

o] Jj—1
=X+ Y VT (@i himai + Cologami + oo+ Opdia) | Xy (12)
j=1 i=0
Proof. The proof follows the same steps illustrated in Theorem 1. |

The above results can now be used to illustrate in detail the invertibility conditions of
TMA models of order (k;1). In this case the moving average order ¢ = 1 allows to simplify
the presentation of what stated in Theorem 1 and Corollary 1 as shown in the following.

Corollary 2. Let X, a stochastic process that follows the TMA (2;1) model (1), under the
assumptions of Theorem 1, then the process is invertible if the inequality (3) holds.

Proof. The proof is strictly related to what has been illustrated for Theorem 1. Starting
from A;_yg = (¢ + ¢ I;_4) then, after n iterations, the TMA(2;1) model becomes

n Jj—1 n
€ = X; + Z (H Atdi) Xij+ (H Atdi) €t—n—1,
j=1 \i=0 =0
or equivalently
n j—1 n
€ — X, — Z (H At—d—z’) Xt—j = <H At—d—i) €t—n—1- (13)
j=1 \i=0 i=0
The invertibility of the model under analysis can be shown giving the conditions under

which:

n
H [Ai_as] 20, as n — oo.
i=0



In particular, given:

H |[Aia—i] = H |6+ I—q—i]
i=0

i=0

= exp {Z In|¢o + d}ft—d—z'|}

=0

= exp {Z (In|¢+ | L_q_; + In|op| (1 — Itdi))}

=0

= exp {ln o+ Z Iig-i +1ng| Z(l - Itdi)}

i=0 i=0
then, following the steps presented in the proof of Theorem 1, the inequality (3) is ob-
tained. O

The main consequence of Corollary 2 is that model (13) can be given as:

€ = Xt +Z
Jj=1

and its invertibility conditions can be generalized to the TMA(k; 1) model

j—1

[1(6+¢)fai + 01 - Itdi)} X,  withk>2, (14)

=0

k
Xy =€+ Zws]&,t—dﬁt—l- (15)

s=1

Corollary 3. Let X; ~ TMA(k; 1), under the assumptions of Theorem 1, then X, is
invertible if:

k

[T1e

s=1

Ps < 1, with Ps = E[Is,tde (16)

and model (15) can be given as:
o) j—1
€6 =X — Z (H w,Itdi> thjw
j=1 \i=0

where ' = (Y1, s, ... k) and T_y = (Iiy-a, Iog-ay - - Iria)-

Proof. The proof follows steps similar to those depicted in Corollary 2. O



3 Invertibility regions

As already remarked, the invertibility conditions given in Theorem 1 and in the subsequent
Corollaries, generalize what stated in [7].

The condition (16) in Corollary 3 can be further discussed observing that it can be seen
as the geometric mean of the discrete random variable

Vi) = [¥s] Lspa,  s=1,2....k,

k

having expected value E[V;(¥)] = > [¢s|ps-
s=1

Note that if

k
S il < 1 (a7)
s=1

then the condition (16) is fulfilled.

The main consequence of this result is that the invertibility of the TMA(2;¢) model is
assured even when the inequality (17) is true, but it can be easily observed that this last
inequality defines an invertibility region, over the parametric space, narrower than that
obtained from (16).

To better illustrate this point, in figure 1 the two invertibility regions are compared for a
TMA(2;1) model with three different values of p = 0.3,0.5,0.7. The regions on the left,
resulting from (16), includes those on the right, defined from (17). Besides, both regions
include the space with [1s] < 1, s = 1,2, obtained when the two regimes are locally
invertible. It highlights that the region over which the TMA model is globally invertible
cannot be limited to the space where each regime is locally invertible.

What has been pointed out for the TMA(2;1) model, can be generalized to the TMA (k; 1)
case, with k > 2. In fact, given the probability vector (pi,pa,...,pk), then (1,1,...,1) €
RF is the point where the plane defined in R* by (17) is tangent to the hyperbola (defined
in R¥) obtained from (16).

The results in figure 1 can be further discussed comparing the depicted regions, based
on the inequality (16), with those presented in [3], where a sufficient condition for the
invertibility of a TMA(2;1) model, is given as

][] <1, (18)

that, in practice, disregards the expectation E[I;,_4] = p.

In figure 2 the two regions obtained from (18) and (16), with & = 2, are examined. As
expected when p = 0.5 the regions are completely overlapped whereas their behavior
changes in the other two cases giving emphasis on the expectation p in defining sufficient
conditions for the invertibility of the class of models under analysis.



4 Further developments and concluding remarks

All results presented in the previous sections are based on the assumption that the inno-
vations, €, cannot differ among regimes.

Here we discuss some consequences that occur when ¢; changes among regimes. In this
case we denote with €, the innovation in regime s, with s = 1,2,...,k, so that the
TMA(k; 1) model becomes:

k

Xt = Z (Es,t + wses,tfl) ]s,t7d7 (19)

s=1

with i.i.d. innovations €,; having the first two moments finite.
Noting that model (19) can be given as

el, ,=X,—¢€_,9I, ,, (20)
with
€= (erp et ), Tia=a logar- s Iep-a), O =diag¥y, o, ..., 00,
we consider the case where ¢, is a linear transformation of €; ~ i7d(0, 1):
€50 = U5 + b€y, with a; € R and bs € R—{0}, s=1,2,....k, (21)
such that model (20) becomes:

- Xt — a/(I + ‘Il)It,d bl‘IlIt,d

€ = — €1,
t b1, b,
with &' = (0,as,as,...,a;) and b’ = (1, ba, b3, ..., bg).
, k
It can be shown that the geometric mean of ‘bbjl;tl‘;d is [ |¥s]P¢ from which this corollary
N s=1

follows:

Corollary 4. Let X; be a TMA(k; 1) model defined in (19) and with innovations (21),
then the model is invertible if the inequality (17) holds.

Proof. The proof is based on the use of the Jensen inequality. ]

The main consequence of Corollary 4 is that the TMA(k; 1) model can be formulated as:

€ =

X, —ad(I+W) , X[ Ol ,\ X, —a(I+ )T,
t a(/+ )td+z H(_l)lb/td t—j a/(+_)td1'
by bT—, bT o,



It further improves the results given in the previous sections and it can be generalized to
the TMA(k; ¢) model through a heavy (but not difficult) algebra.

To sketch this generalization, consider the TMA(2;¢) model (5), with innovations (21).
This model can be given as:

X, — ailia(l+O(1) — ap(1 = T-a)(1+ (1)) bi11i_aO(B) + ba(1 — [;_s)®(B)

€= €.
' bili—a+ba(1— Ii—g) bili—a+bo(1— Ii—g) '
(22)
To simplify the notation of model (22) consider
Y, — Xt - alltfd(l + C"‘)(l)) - a2(1 - Itfd)(l + @(1))
' bili—g+ba(1 — Ii—a)
and
byl 0 il 4=0
Diy= . where D,_y = ,
T T gt (1= Ty T TN g, =1
then model (22) becomes
e =Y — [D;—4O(B) + (1 — Di_g)®(B)]e;. (23)

When the model above is compared to model (5), it results that they have a similar
structure, therefore even in this case, Theorem 1 properly applies.
Remark 4. The result (23) also shows that the TMA class is closed with respect to

linear transformations of the process innovations. This closure can be even checked if we
consider the linear transformation of X; ~ TMA(2;q):

Y, =a, + 0 X, with a; € R and b € R — {0},
or when the process becomes
Y—t = ((ll + let)[t—d + ((12 + bQXt)(]. — It—d);

where a; € R and b, € R — {0}. Finally note that in both cases the transformations do
not impact the invertibility conditions given in the previous pages.

The results in Corollary 4 are completely new, to our knowledge. Further research, in this
domain, can be addressed to general TMA models with innovations €, fors =1,2,... .k,
not limited to the linear transformation (21).

Consider for example the TMA(2; ¢) model (5), with ¢, = I;_q€1 + (1 — I;_g4)€2,, where
€1, and €, have different distribution. After an easy algebra, and using the properties of
I;_4 such that:

[tuid = [t*(h (1 — It,d)w =1- It,d, Ituid(l — ]t,d)z = 07 for w,z € N+7
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then model (5) becomes:
X =lert — O(B)ery] Li—a + [ear — P(B)eay] (1 — I,_yg)

for which the invertibility conditions of Theorem 1 still hold.

These proposals of future research are strictly related to the theoretical results proved
in the present paper where the invertibility of TMA(k;¢) models has been discussed
extending some developments given in the literature. Starting from the contribution of
[7] mainly related to the TMA(k;1) model, we have established sufficient conditions for the
TMA(k; g) model. We have discussed these results through an illustrative example that
allows to depict the invertibility regions on the parametric space. Further developments
are left for future research.

Appendix

In the proof on Theorem 1 the following notation is used.

Given the sequence of (¢ x ¢) matrices A, and let X\;(A,) the i-th eigenvalue of A,
(for i = 1,2,...,q), then we say that the sequence B,, is dominant with respect to A,
(A, < B,,), if the dominant eigenvalue (the maximum absolute eigenvalue) of B,,, denoted
A(B,,), is greater or equal to the dominant eigenvalue of A, A(A,), forn=1,2,....

In other words:

A, <B,, it AA,) <AB,) (24)
From (24) it follows that:

1. if A(B,) — 0, as n — o0, then B,, — O(gxq) and A, — 0(;xq), with 0 a matrix of
ZETOS;

2. given the sequence A,, then A, < A(A,)I, where I is the identity matrix of order
q.

References

[1] G.E.P. Box and G.M. Jenkins, Time series analysis, forecasting and control, Holden-
Day, San Francisco, 1976.

[2] J.G. De Gooijer, On threshold moving-average models, J. Time Ser. Anal. 19 (1998),
pp. 1-18.

[3] J.G. De Gooijer and K. Brannas, Invertibility of non-linear time series models, Com-
mun. Stat.: Theory and Methods, 24 (1995), pp. 2701-2714.

11



[4] J.E. Gentle, Matriz algebra. Theory, computations and applications in statistics,
Springer, 2007.

[5] G.Liand W.K. Li, Testing for threshold moving average with conditional heteroscedas-
ticity, Statist. Sinica 18 (2008), pp. 647-665.

[6] S. Ling and H. Tong, Testing for a linear MA model against threshold MA models,
Ann. Statis. 33 (2005), pp. 2529-2552.

[7] S. Ling, H. Tong and D. Li, Ergodicity and invertibility of threshold moving-average
models, Bernoulli 13 (2007), pp. 161-168.

[8] H. Tong, Non-linear time series. A dynamical system approach, Clarendon Press Ox-
ford, 1990.

12



p=03 p=0.3

Figure 1: Invertibility region of the TMA(2;1) model. On the right the solid line delimits
the regions defined by the inequality (17) and on the left the regions defined by (16)
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p=0.3 p=0.3

Figure 2: Invertibility region of the TMA(2;1) model. On the right the solid line delimits
the regions defined by the inequality (18) and on the left the regions defined by (16).
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