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Abstract The main subject of the study in this paper is the simultaneous renewal time for
two time-inhomogeneous Markov chains which start with arbitrary initial distributions. By a
simultaneous renewal we mean the first time of joint hitting the specific set C by both pro-
cesses. Under the condition of existence a dominating sequence for both renewal sequences
generated by the chains and non-lattice condition for renewal probabilities an upper bound for
the expectation of the simultaneous renewal time is obtained.
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1 Introduction

1.1 Overview

In this paper, we are focused on studying a simultaneous renewal time for two time-
inhomogeneous, discrete-time Markov chains on a general state space. By simultane-
ous renewal we mean visiting some set C by both chains at the same time.

While general renewal theory is well developed, properties of the renewal se-
quences generated by time-inhomogeneous Markov chains are not studied so seri-
ously. The literature available for this topic is scant. Some generalizations of the gen-
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eral homogeneous theory could be found, for example, in [21] or [23]. At the same
time, the problem under consideration is important from both theoretical and practical
perspectives. Some of the existing results can be found in the paper [8], dedicated to
investigating continuous-time renewal processes generated by a sequence of indepen-
dent but not necessary identically distributed random variables. The paper shows that
a general renewal equation is solvable using numerical methods and demonstrates an
application of this result in actuarial science. Another paper related to the renewal
theory (of geometrically ergodic time-homogeneous Markov chains) is [2].

Simultaneous renewal plays an essential role in investigation of the stability of
Markov chains, particularly in the time-inhomogeneous case. In the papers [9, 10]
a particular coupling construction has been introduced to derive a stability estimate.
A key point of the whole stability research is to construct a stochastic dominating
sequence for a series of coupling times and estimate the coupling time expectation
using that sequence. Later, the stability estimates obtained in [17] were applied to
the widow pension actuarial model which allows calculating variables related to
this actuarial schema, such as net-premiums and others. In the papers [15, 16, 19,
20] stability estimates are obtained for discrete-space Markov chains in both time-
homogeneous and time-inhomogeneous case using the so-called Maximal Coupling
technique.

Estimates for the expectation of a simultaneous renewal time obtained in this
paper and stability estimates derived from them have many practical applications. In
particular, we may point out applications in the actuarial mathematics similar to the
widow pension mentioned above. Other examples could be: obtaining premium in
actuarial models that are represented by a perturbed Markov chain, such as seasonal
factors. Another area of application is the queuing theory. Markov chains stability
results enable us to study non-homogeneous geuing models or models affected by
some small non-homogeneous perturbation.

There are many works related to stability estimates which use coupling methods.
For example stability estimates for different versions of the same time-homogeneous
chain started with different initial distributions, using standard coupling technique
could be found in the papers [4, 5]. In [10] we have extended results from [4] and
[5] to the stability of two different (but close in some sense) time-inhomogeneous
Markov chains by introducing a modified coupling technique which allows chains
to couple and de-couple. Such construction leads us to the necessity of investigating
properties of the renewal proceses generated by time-inhomogeneous Markov chains.
Many works of other authors are using similar coupling techniques to obtain stability
estimates or convergence rates, see for example [1, 7] where subgeometrical Markov
chains are studied.

Simultaneous renewal has been studied in other works as well. In the article [18]
an estimate for a coupling moment (what we call simultaneous renewal in the present
article) for time-homogeneous processes was obtained under the existence condition
of the second moment of the renewal sequence. The critical feature of the proof there
was the Daley inequality (see [3]) which gives an estimate for average time of the
excess of a renewal process in the homogeneous case. Later, in the paper [13] the Da-
ley inequality was extended to the time-inhomogeneous case which allows obtaining
an estimate for simultaneous renewal in the case of a square-integrable dominating
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sequence for a time-inhomogeneous process (see [12]). This estimate involves the
second moment of the domination sequence, and in the present paper, we relax that
condition and only require the existence of the first moment. We will compare the
results of the present paper and [12].

In the paper [14] there is a theorem that shows finiteness of the expectation of the
simultaneous renewal time but a computable estimate is not available. There are also
examples of how to check the non-lattice regularity condition for a renewal sequence
which is involved in all the results related to the time-inhomogeneous case.

We also ask the reader to pay attention to the classical books [22, 24], devoted to
the coupling method.

This paper consists of 4 sections. Section | contains introduction and main defi-
nitions.

The main result is stated in Section 2. It also includes a detailed explanation of
the conditions of the main theorem.

An example of an application of the main result concerning a birth-death process
can be found in Section 3.

Section 4 is just the conclusion.

1.2 Definitions and notations

The main object of the study is a pair of time-inhomogeneous, independent, discrete
time Markov chains defined on the probability space (£2, §, P), with the values in
the general state space (E, £). We will denote these chains as X ,(11) and X 512)’ n >0,
respectively.

We will use the following notation for the one-step transition probabilities

Pi(x, A) = P{x), € Alx{" = x}, (1
forany x € E,[ € {1,2},and any A € €.

Our primary goal is to obtain an upper bound for the expectation of simultaneous
hitting a given set C by both chains. An application usually dictates Applications
usually dictate the choice of the set C. For a discrete state space consisting of integers
the very typical choice is C = {0}, although this is not a single possible choice.
Moreover, we do not assume that the set C consists of a single element. We will also
allow arbitrary initial conditions for the chains, and assume that each chain has a finite
expectation for a first time hitting the set C for a given initial state.

We will continue to use the definitions and notations originated in [14] and [12].

Define the renewal intervals

o)) =inf[t = 0,x" e c},
o)) =inf{r >0, xV ec)-o"

n—1° n—1°

2
where [ € {1, 2}, n > 1, and renewal times

n
t=>"6" 1e(2), n=0. S
k=0
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Then, for each x € C, we can define the renewal probabilities

a0 =Plo) =nir =1, x" =x}, le(2,n=1, @&
and the sequence
gD = sup g"D(x), n>1. Q)
xeC

‘We will also need a notation for sums of g,(f’l):

N
G0 =3 8" (©)

k>n

fo’l) can be interpreted as an estimate for the probability that renewal has not hap-
pened up to the time 7.
The time of the simultaneous hitting the set C is defined as

T=inf{t>0: Im,n, t =7 =P} 7

2 Main result

First, we introduce a condition that guarantees finiteness of the expectation of the
renewal times for both chains. In this paper, we use a dominating sequence for this
purpose.

Condition A
There is a non-increasing sequence G,, n > 0, such that:

G" < G,

ZGn:m<oo.

n>0

To make the further reasoning simpler, we allow the index n in G, to be negative.
In this case we assume: G,, = Gg, n < 0.

We do not require this dominating sequence to be probabilistic and allow Go > 1.
Condition A will enable us to ascertain that both chains X!, X® will have a finite
expectation of the renewal time, which is a necessary condition for having a finite
expectation of simultaneous renewal.

Opposing the paper [12] we do not require the existence of the second moment
for a dominating sequence.

Next, we need some regularity condition on uff’l) which guarantees its separation
from 0.

Condition B
There is a constant Yy > 0 and a number ng > 0, such that for all t > 0,1 € {1, 2},
and n > ng

P{x\), ecixP ec)=>y. (8)

It is essential that such condition also guarantees certain “regularity” and non-
periodicity of a chain. The periodic chains do not satisfy it.
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There are various results which allow checking the condition (A) practically. See,
for example [11], Theorems 4.1, 4.2, 4.3. We will use some of them later.

Before we state the main theorem, we should introduce some definitions, which
are used in the proof, and the auxiliary lemma.

The notations below are the same as in [12]:

vy 1= min{j >1: t} >n0},

1
By = Ty
V] = min{j > sz — rvlo > ng, Or rjz — rvlo = O},
2 1
By =1, — 1y

and further on,

e . o1 2 1 2 _
Vo 1= mln{j > V-1 T; =Ty, >N, OFT; =T, = 0},
1 2
Bom = oo~ Toger
= min{j > il > ort? — !

Vom41 -= My = Vo, & T Vo = 10 T~ Tyy=0s

2
B2m+1 T TVZUH»I TVZm'

We will call v; renewal trials. Let’s define T = min{n > 1 : B, = 0} and put
B, =0,ift > 1.
For ease of use, we will introduce the variable

n
S, = Z By.
k=0

Note, that S,, = rvlz,’, Sont1 = 72 however, the use of the variable S, makes the

Vop+1?
text much more readable.

Theorem 1. Assume that chains (X ,(11)), [ € {1, 2}, start with some initial distributions
A1 and Ay and that expectations of the first time each process hits the set C are finite.
Denote them as m1(A1) and my(Ay) respectively. Assume also, that conditions (A)
and (B) introduced above hold true. In this case, there exists a dominating sequence
Sy for the simultaneous renewal time T :

P(T > n) < Sy,

such that
E[T] <) 8y <miOa) +ma0a2) + (0Go +m)(1+y)/y. ©)
n>0
Proof. First, we assume that 6&2) = 0, which means that the second chain starts from
the set C.

Next, the upper bound for T was introduced in [12] (it trivially follows from
definitions):

T
T =< 9(51) + Z Bn = 9(51) + Z Bnﬂ-r>n- (10)

n=0 n>0
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We introduce the variable

Then 951) + T’ is pointwise bigger than T, and so it stochastically dominates 7.

So we will focus on building a dominating sequence for 7’ and estimating its
expectation.

Let us consider

n

n n
P{T' >n} =) P(Sk <n< S} =) Y P{Sk=j, Bip1 >n— j}.
k=0 k=0 j=k

Note that some terms are equal to 0 in the latter sum because each renewal trial takes
at least ng steps, but this fact does not affect our reasoning.
Lemma | gives us the inequality

P{Sk =Jj,Brr1>n—jI <P{Sk=j,7 > k}Gu—jn,,

which allows us to build the upper bound for P{T’ > n}:

n n

P{T' >n} <> D Pk =j.1 = k}Gujn,

k=0 j=k
n J

=Y Gujngy PSk=j,7T =k

j=0 k=0

So we can put
n J
$,= Gujnyy P(Sk=j.T=h),
j=0 k=0

and so the dominating sequence for P{T’ > n} is built.
Let’s now estimate its expectation:

E[7']=) P{r'>n}<>"8,

n>0 n>0

J
=Z< G jony 3 P(Sc=J.7 zk))
0 k=0

n>0 “j=
= <Z Gn—no) x (Z Y PSSy =k.t> n})
n>0 n>0k>n

= (n0Go +m) Y _P{t > n}.

n>0

n

Lemma 8.5 from [12] gives us the inequality

Pl >n} <1 —-p)"
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which yields
E[T'] < (10Go+m)(1 4+ 1/y) = (n0Go +m)(1 + ) /y. (11

Now, we have to get rid of the assumption 952) = 0. Following the same calcula-
tions as in [14] after formula (20) we may estimate 7':

T <o +0@ 41,

which entails the existence of a dominating sequence Sy > P{T > n} and the esti-
mate R
EIT] < ) 8y <mi(a) +ma(ha) + (oGo +m)(1+y)/y. O

n>0

Lemma 1. Assume that the chain X® starts from x € C. Then, forall k, j,t > 0
the following inequality holds true:

P{Sk = Jj, Bit1 >t} < P(Sk = j, T = k)Gi—p,.
Proof. We start with the assumption that k is even. We can write then:
P{Sk = j, Bis1 >t} =P{Sk = j, X ¢ C,ne{j, j+no,....j+1}}.

Let’s denote as 7 the last renewal of the chain X ® before the time j + ng. By the
construction of the sequence By,

n > S8k — Br = Sg-1.

Indeed, if kK > 0, this means that S;_; = S; — Br > 0is a renewal time for the chain
X@ If k = 0, then we should put S_1 = So — Bp = 0, but the chain X @) has started
in C, so n > 0 by the condition of the lemma. So by construction, we have:

Sk — Bx <n < j+no.
Let us denote the sets
—[x®D
A,y ={X) ¢ Comels,....1}}, 1e€{l,2},
and inspect the sample path of the chain X® after the moment 7:
, ) ; ;
P(Sk = j. Biy1 > 1} =P{Si = j. XP ¢ C. Ap(j +no. j + 1)}

ZP{S,H =u, >k, A(u+ng, j—1),

u,v

xPec xPec s+l j+n). (12
where u < j, and v > u is a value of 1. Note that

{Sir=u, XD ¢ Cl={Sii=ut>k—1}={S1=ur7>k
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Let us recall that the chains XV and X® are independent and so we can split the
probability in the formula (12) into the product:

P{Sk1=u. 1>k Aiw+no. j—1).X"eC.XxPeC. Aw+1.j+1)
=/ P{Sko1 = . A1+ no, v), (X0, XP) = (dx. dy))
ExC
x Plaiw+1,j— 1. X e €. A +1,j + (XD, xP) = . )}
=/ PStot = u. T = k. Ay (u + no, v). (X0, X) = (dx. dy))
ExC
xPlAiw+1,j = 1. X e C1xV = x}P{asw + 1, j + XD = y}.

But P{Ay(v+1, j+1) |X1(,2) =y}, y € C, is just the probability that the next renewal
after v will not happen until the moment j + 7. So we have
. 2
sup P{As(w + 1, j + 0IXP =y} =GV, < Gy, (13)
yeC ’
where the latest inequality follows from the Condition A.
The above reasoning is valid in the case n < j, however, thecase n € {j + 1, j +

ng — 1} yields the same result. The maximal possible value of v is j + ng, so, using
the fact that sequence G, is non-increasing, it follows from (13) that

sup PlAs(v+ 1, j + DIXP =y} < Gjpi—y < Giong, (14)
yeC

which gives the estimate that does not depend on v. Taking into account the inequality
(14) we can derive

P{Sk = j, Bk+1 > t}

=3 [ Pl =ur = kA o0, (0, XP) = @x.dy)
wo YEXC

x P{Ai(v+1,j— 1), x;“ € CIX?V = x}Gropy < P{Sk = j, T = k}G/—n,.
(15)

To complete the proof, we should consider the case when k is odd. In this case,
k > 0 which means k — 1 > 0 and we don’t have a problem with k = 0 like in the
even case. So, similar reasoning will yield the same inequality for odd &. O

3 Application to the birth-death processes

In the paper [12] we had derived an estimate for a simultaneous renewal of two time-
inhomogeneous birth-death processes X and X® with the following transition
probabilities on the #-th step:

ag 1—o O 0 0
0 (073} 0 l_all O

=19 0 & 0 l-ap

(16)
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and
Bio 1—PFw O 0 0
0 Br1 0 1-8n 0
= 17
9= 0o 0o g 0o 1-p {an

The set C is equal to O:
C = {0}.
An estimate from [12] involves the second moment of the dominating sequence.
Let us compare an estimate from [12] with the one that follows from Theorem 1.
We will start with building y. As in [12] we notice that for every r > 0, g%l) =
o0 > 0, and assume

vo = inf{aro, fro} > 0. (18)
As it has been shown in the [12] y can be chosen in the following way:
y = exp(jin(y0)/v0) = )™ (19)

with the ng = 0.

We will use the same dominating sequence as in [12]. To do this, we consider a
standard random walk with a parameter p > 1/2 and a probability f;, of a first return
to 0 in n steps. It has been shown in [6], Chapter XIII, that the generating function
F(2) for f, looks like

1 —/1—4p( — p)s?

F(z) = (20)
2(1-p)
We have shown in the [12] that G, = )_ f,/p is a dominating sequence (non-
k>n
probabilistic) for renewal sequences generated by X1 and X @, if
p(1— p) = sup, j{a (1 —a;j), Brj (1 — Bij)} (21

The estimate for the expectation of the simultaneous renewal time in case of both
chains started at C looks like

Ey = E[T] < fia/y + fu /v (22)

where .
w1 =2/Cp-1+1,

N _ 8(1 —

io=p-1" 24P Loop— 141,
1—-4p

In our case the estimate looks like

E)=ET]I<ma(14+p)/y.

(23)

So, we can see that
Er = (E1 — j2/y)A+y)y,

forall y € (0, @), y(14y) < 1 which means that E> is a better estimate than E.
In the same time, yy is typically a small number, which makes y to be a very small
number. So, the improvement in estimate can be significant for practical applications.
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4 Conclusions

In this article, we obtained an estimate for the expectation of the simultaneous renewal
time for two time-inhomogeneous, discrete-time Markov chains on a general state
space. By the simultaneous renewal of two Markov chains X and X’ we understand
the first moment of hitting a specific set C by both chains.

We have shown that under conditions (A) and (B) an estimate has the form

EIT] <Y Sy <miOa) +ma(2) + (0Go +m)(1 +y)/y. (24)

n>0

We have shown how the parameters y, ng, Go, m1(A1), m2(A2), and the sequence
S‘n included in the estimate can be calculated.

This result allows us to refine the stability estimate for two time-inhomogeneous
Markov chains, which is a subject of a further investigation.
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