arXiv:2101.00277v1 [math.PR] 1 Jan 2021

Augmented truncation approximations to the solution
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Abstract

Poisson’s equation has a lot of applications in various areas. Usually it is hard to derive
the explicit expression of the solution of Poisson’s equation for a Markov chain on an infinitely
many state space. We will present a computational framework for the solution for both discrete-
time Markov chains (DTMCs) and continuous-time Markov chains (CTMCs), by developing
the technique of augmented truncation approximations. The convergence to the solution is
investigated in terms of the assumption about the monotonicity of the first return times, and
is further established for two types of truncation approximation schemes: the censored chain
and the linear augmented truncation. Moreover, truncation approximations to the variance
constant in central limit theorems (CLTs) are also considered. The results obtained are applied
to discrete-time single-birth processes and continuous-time single-death processes.
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1 Introduction

Let ® = {®, : k € Z4} be a time-homogeneous DTMC on the countable state space E = Z, with
the probability space (2, F,P). Let P = (psj)i jer be the one-step transition matrix of the chain ®.
Suppose that P is irreducible and positive recurrent with the unique invariant probability vector
m and that g is a finite column vector (or function) on E such that 7’|g| < co. In this paper, we
consider truncation approximations to the solution of Poisson’s equation and the variance constant
in CLTs. For DTMCs, Poisson’s equation has the following form:

(P-I)f =-g, (1.1)
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where I is the identity matrix, g = g — (7' g)e, and e is a column vector of ones. The vector g is
called the forcing function, and the vector f is called the solution of Poisson’s equation (|1.1)).

Poisson’s equation has attracted lots of attention due to its importance in practical applications.
It was pointed out by Meyn and Tweedie [I] on pages 458-459 that Poisson’s equation plays a
fundamental role for the analysis of Markov decision processes, perturbation theory, CTLs, etc.
In Bertsekas [2], for a Markov decision process, Poisson’s equation was known as the dynamic
programming equation, and the functions g and f were called the cost function and the value
function, respectively. In [3], [4], Poisson’s equation was adopted for the perturbation analysis for
Markov processes. In [Il ], it was shown that the solution of Poisson’s equation can be used to
express the variance constant, which is a very important parameter in CLTs. Recall that a CLT
holds if there exists a constant 0 < 0%(g) < co such that for any initial distribution

n
n-2 Zg(@k) = N(0,0%(g)), asmn — oo,
k=1

where N(0,0%(g)) denotes the normal random variable with mean 0 and variance o(g), and “="”
stands for convergence in distribution. In addition, Poisson’s equation can be also applied in other
fields. In Glynn and Ormoneit [6], Hoeffding’s inequality was established for uniformly ergodic
DTMCs in terms of the solution of Poisson’s equation. Please refer to [7] and references therein
for recent developments in this filed. Liu and Li [§] investigated the error bound for augmented
truncation approximations of Markov chains via Poisson’s equation in a discrete-time or continuous-
time setting.

For a fixed state j € E, define

7i—1

fi(i) = E; [ > g(q)k)} , i€E, (1.2)
k=0
where E;[-] := E[-|®¢ = ¢] denotes the conditional expectation with respect to the initial state

i€ Eand 7 :=inf{k > 1: &, = j} is the first return time to state j. It is well known that the
vector f; defined by is a solution of Poisson’s equation (see, e.g. Glynn and Meyn [3]).
For the uniqueness of the solution of Poisson’s equation, please refer to Makowski and Shwartz
[9] for sufficient criteria. Since it is not easy to calculate f; directly, we consider its truncation
approximations.

Let ()P be the (n+1) x (n+1) northwest corner truncation of P on (,) & := {0, 1L2’ ...,n}. Let

(n)ﬁ be a stochastic transition matrix such that (n)]3 > (n)P and suppose that (,)P has a unique
invariant probability vector ()7, whose corresponding Markov chain is denoted by (,)® = {(n)ka :
k € Zy}. Let (g be the truncation vector consisting of the first n + 1 rows of g. Similarly, define

(n)Tj to be the first return time to state j for (n)]S7 and

(n)Tj -1

) f3(1) = Ez|: > (n)g((n)%)}, i€ mk,

k=0

where ,)g = (g — ((n)ﬂ'T(n)g)(n)e. The vector (,)f; defined above is the unique solution of
Poisson’s equation

(P = @D f = —m3- (1.3)



For truncation approximations, given that f; exists, one fundamental issue is to establish the
convergence of () f; to fj. Note that f; is finite, but it can be unbounded. We focus on the
pointwise convergence that is, () fj(i) — f;(i) as n — oo for any i € E.

There exist plenty of literature researches on augmented truncation approximations to invariant
probability vectors, see e.g. recent papers Masuyama [10) [I1] and references therein. However, to
our best knowledge, there is no report on augmented truncation approximations to the solution of
Poisson’s equation. The rest of this paper is organized into 5 sections: In Section 2, we present
an example to illustrate that an arbitrarily chosen augmented truncation approximation might not
converge to the target solution. We then investigate the convergence of the augmented truncation
approximations in Section 3. The censored chain and the linear augmentation to some columns
are shown to be effective truncation approximation schemes. We further apply those ideas to
approximate the variance constant in CLTs. In Section 4, we modify the argumentations in Section
3 to extend the results from DTMCs to CTMCs. Although most of discrete-time results can be
established for the continuous-time case, we need to pay special attentions to the difference between
CTMCs and DTMCs. In Section 5, we apply our results to single-birth processes and single-death
processes, to derive explicit expressions of the solution of Poisson’s equation and the variance
constant. Conclusion and discussion are presented in Section 6. Two useful propositions are given
in Appendix.

2 An illustrative example

We consider a DTMC with the following stochastic transition matrix:

% po 0 O
a 0 pr O
P=| 2 0 0 p ,
gs 0 0 O
where 0 < p; < 1 for each i € E. Clearly P is irreducible. Let p; = , if i =0 or ¢ is odd, and

pi=1-— ?%%, if n is even. Define ag = 1, a; = H};ZO P, © > 1 and set szl b = 1. Then, we have,

41 511
1) 22 1
w=(5)" I (-3)
k=1

From Liu [I2], we know that the chain is strongly ergodic. The invariant probability vector = is
given by m(0) = 1/3°%,a;, n(i) = a;w(0), i > 1. For any finite vector g satisfying =7 |g| < oo,
there exists a unique solution of Poisson’s equation due to the special structure of the chain.
Let j =01in . By calculations, we have

for any ¢ > 1,

i—1

fol0) = 0. foli) =wg§ju _g(m)_

- . i> 1. (2.1)
| | P m= on m Pk



Now, we consider the last-column augmented matrix (n)ﬁ, which is given by

9 Do 0 0
aq 0 0 0
dn—1 0 0 0 Pn—1
dn 0 0 0 pn
It is easy to obtain
(0) ! (i) = asm(0), 1<i<n—1, oyr(n) =220 =)
n)T = =i a0 (T = Qi(n)T™\Y), Stxn—4, @7 - n)T™ V),
(n) Zi:(}lai‘FTZ (n) (n) (n) Qn()
and
T
W™ (9 = o aig(i >> :
Sy et (%

The unique solution of Poisson’s equation for (n)P is given by

i—1

B e 1 _g(m)
mf0(0) =0, () fo(i) = (™ m9) D —=—

L 1<i<n (22
m= OHk mpk m= OHkJ m Pk

According to (2.1)—(2.2), the convergence of (,)fo to fo only depends on the convergence of

T T
)T (g to T g.

We consider the following two choices of the vector g. First, let g(i) = i for i € E, then
mllg| = 7(0) Y2, ia; < oo. It implies that the solution fo exists. When n is odd, & — 0 and
(n)ﬂT(n)g — wwl'g as n — oo; while when n is even, % — oo and (n)ﬂ'T(n)g — o0 as n — oo. Thus,
we obtain that (n)ﬂ'T(n) g » wlg and (n)Jo = fo as n — oo. Now, we consider the second choice
that g(i) = 1, if 7 is odd, and g(i) = ¢, if i is even, where ¢ = >"2(2i + 1)agi41/ D o G2ig1. It is
easy to verify that (n)ﬂ'T(n)g — wlg as n — oo, from which n)Jo — Jo as n — oo.

3 Discrete-time Markov chains

3.1 General augmented truncations

In this subsection, we show the usefulness of the truncation approximations to the solution of
Poisson’s equation and to the variance constant for the chain ® under the following assumption on
the first return times.

Let j be any fixed state in E and let P;(-) := P(:|®9 = i) be the conditional probability with
respect to the initial state ¢ € E. Define the following additive functionals:

Ti—1 ()75~ 1
G@) = 9®), WG = D w9(w®.
k=0 =0



Assumption 3.1. Suppose that for any initial state i € E and n > max{i, j}, both of the following
conditions hold:

(i) the sequence {(,)7;} increases and converges to T; with probability one (w.p.1), i.e.
P; (w e 0: (n)Tj(w) 1T 75(w), asn — oo) =1;

(ii) the sequence {(n)(;i(I(n)gl)} increases and converges to (;(|g|) w.p.1, i.e.

Pi (w e Q: (m)¢(lmgl) (w) 1 ¢(lg])(w), asn — o0) = 1.

Theorem 3.1. If Assumption holds, then we have, for any i € F,

Jim ) f5(2) = £5(2), (3.1)
where () f;(5) = f;(j) = 0.
Proof. For a real number a, define
at =max{a,0}, a~ =max{—a,0}.

Obviously, a = a™ — a~. Hence,
E; [G(9)] = Ei [¢(g7)] —Ei[¢(g7)] -

Since @ is positive recurrent, this shows that E;[r;] < oo for any 4,j € E. Since wl|g| < oo,
from Proposition (ii), we know that for any i,j € F,

IEi[G(9)]] < EilG5(1g])] < oo (3.2)
It follows from Theorem 10.31 in [I] that

1
Ej[r)]

Thus, from Assumption [3.1] and the monotone convergence theorem, we have

[m"gl = ’ E; [Cj(g)]‘ < 00,

. i 1 B
lim 7! yg = nlglgom (B [ (9)] = Ej [ (g )])
1 . . _
Tl (7] (Eﬂ' LIEEO <n><j((n>9+)} —E; L}g{,lo mSi(m9g )D
1 —
= B (B [¢i(gM)] —E; [¢i(g7)])
= 7'g. (3.3)

Moreover, we obtain



Similarly, (,fj(j) = 0 for any n > j. Hence, we show that (3.1) holds for i = j.

Since 7l |g| < oo, from (3.2)), we know that the solution f;(i) is finite. Then, from Assumption
the monotone convergence theorem and (3.3)), we have, for i # j,

lim () f(i) = lim( i [ G () +>] [<n><j((n>9_)]—((MT(n)g)Ei [75])

= E [Cj( )] - E; [Cj( )] - (WTQ)Ei[Tj]
= (i)
So the assertion is proved. O

From [1], we immediately know that if w7|g| < oo, then a CLT holds if for some (then for all,
see Proposition i) tekE,

E, [¢3([g])] < oo, (3.4)
and if a CLT holds, the variance constant is given by
1
2 2/—
o = E . 3.5

Theorem 3.2. Suppose that Assumption holds. Ing[ng] < 00 and holds for some £, then
we have

lim (,)0°((n)9) = 0(g),

n—o0

where (n)a2((n)g) is the variance constant of the chain (,)®

Proof. Using and the following triangle inequality
||| = [yl] < |z — ],
where z and y are real numbers, we have
E; [(F(lgl — 17" g])] < E; [G(1g])] < oo (3.6)
According to and the inequality (z +y)? < 2(z% + y?), we obtain
E; [GG(g)] < 2E; [(F(lg] — 7" g])] + 27" g[E; [77] < oc. (3.7)

Using (3.7) and Holder inequality derive

B Gi(l) ) < B (2] B 2] < o 55)
From (3.5)), it is easy to show that for any n > j,

_ 2
Ej ()G (m@)] = Ej [ G (m9)] =2 (™ 09) Ej [mGi(0)9) - 5] + (7 m9) Bl 77)-



Then, by (3.7)—(3.8), Assumption and the monotone convergence theorem, we have

Jim B (06 (g)] = m B (06 (9™ = 269 D Gmg ) + G (g )]

E; (G (g™ = 2¢(g7)¢(e7) + G (g7)]
_ [ (g)] (3.9)

Jim E; (G (m9) - 7] =E;[¢i(g) - 751, (3.10)
and
lim E; (7] = E;[77], (3.11)
where the proof of is similar to that for . Hence, by and 7,
Jim(,)0%((yg) = lim_ WEJ' [ ()9)] = EJT],}EJ‘ (G (@)] = o*(g)-
We obtain the assertion of this theorem. 0

Remark 3.1. In Theorem |3.4, we need the extra condition that Ey[t}] < oo, which is not very
restricted. Jones and Galmﬂé’] showed that (3.4 ' holds if ® is geometrically ergodic and w*'|g|?>T" <
oo for somen > 0. Similar results are given by Roberts and Rosenthal [T])], which showed that (-)
holds if ® is strongly ergodic and 7' |g|> < oco. Either geometric ergodicity or strong ergodicity
implies that Ey[r}] < oo for any { € E.

In the following subsections, we consider two special augmented truncations, which will be shown
to satisfy Assumption and can be served as feasible schemes for truncation approximations to
the solution of Poisson’s equation or to the variance constant.

3.2 The censored Markov chain

We first introduce the concept of censoring. Let 05 be the kth time that ®j successively visits a
state in () E, i.e. Op := inf{m > 0: ®p, € (,)E} and Opyq := inf{m > O +1: &, € (,,) F}. The
censored Markov chain (,)® = {(;,)®x : k € Z; } on ()£ is defined by (,)®; = Py, k € Zy. Let
Py g, = (Pij)iek jer,, where Eq and Ej are subsets of E. According to (,)E and its complement
(n) EC, we partition the transition matrix P as

P = <P<R)E7(W)E o0 >

PoyEC mE BBy BC

s(n

Note that P EwE=@nP- The transition matrix of (,,)® is given by (see e.g. page 118 of Latouche
and Ramaswami [15]):

(n)P = (n)P + Pn)Ey(n)EC (I — P(H)Ec,(mEC)_lP(n)EC,(n)E’ (312)
where (I — P(n)EC7(n)Ec)_lp(n)Ec7(n)E denotes the probability of first hitting (,)F from (n)EC.
Lemma 3.1. Assumption holds for the censored Markov chain (n)]5 defined by .

7



Proof. First we show that for any initial state i, if the state j can be reached for ®, then the
state j must be first reached for (,)® in a shorter time. To show this, we adopt the definition of
local time on page 118 of [15]. We assume that there are two clocks in the system. The first one
measures the time of the chain ® on the whole state space F and is called the global clock. The
second clock, called the local clock, measures the time in the set (,)E. The local clock increases
by one unit per unit of global clock during those intervals when @ is in () and remains constant
when @ is in (n)EC. As is shown in Figure 1, for a sample path w = (wg, k € Zy), the time
intervals of (,)®, (,41)® and ®, which start at ¢ and end at j, are respectively made up of the
cross-shaped points, the cross-shaped and the triangle-shaped points, and all the points. Thus, for
each w, (,)7j(w) is an increasing sequence. Since ® is irreducible and recurrent, this shows that
Pi(w € Q: 7j(w) < 00) =1 for any pair of states ¢ and j. Hence we have that for any initial state i
and for each w,

mTj(w) T 7j(w) < oo, asn — 0. (3.13)

Thus, we have verified (i) of Assumption

-~
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-

Figure 1: Illustrate the first return time to j for (,)®, (,41)® and @ through one sample path,
given that the initial state is ¢ and (n)ﬁ is defined by l)

Now, we verify (ii) of Assumption Since ® and (,,)® are irreducible and recurrent, for any
pair of states 7 and 7,
Pi(weQ:1j(w) <oo) =1 and Pij(w e Q: y7i(w) < o0) = 1.

Hence, it immediately follows that

Pi(w € Q: {7j(w) < oo} N{(n)Tj(w) < o0}) =1.
Let A= {w e Q:{7rj(w) < oo} N{7j(w) <oo}}, and note that P;(A) = 1. For any w € A, since
the vector g is finite, both (,,)(;(|(n)gl,w) and (;(|g|,w) exist simultaneously and they are finite for
any n > max{i, j}. Similar to the analysis of (3.13), we have

Gl gl @) < 1) G ([ men gl w) < G(lgl,w).

Let M = max{|g(®r(w))| : 0 < k < 7j(w)}. From the first assertion, for any € > 0, there exists
some N € Z,, such that for n > N,

0< Tj(w) - (n)Tj(w) < E/M.



Moreover, we obtain
€
Gilglw) = mGmglw)l < > M< Mo =e

Then the proof is completed. O

3.3 Linearly augmented truncation

We now consider the linear augmentation, suggested in Seneta [16], by augmenting the truncated
transition elements to some column. Specifically, for the fixed state j, the transition matrix of the
(7 + 1)th column augmented Markov chain is given by

N . _
P =P+ (I —mPmeme; » n=7 (3.14)

where (,)€; is a (n + 1)-vector with unity in the (j + 1)th position, zeros elsewhere. By [16], w

know that (, )P has only one closed class in the state space (,)E. It implies that (n)P has the unique
invariant probability vector ()7

Lemma 3.2. Assumption holds for the linearly augmented Markov chain (n)IS defined by .

Proof. Similar to the proof of Lemma our arguments are also based on the sample path analysis.
For any sample path w = (wk, k € Z4 ) and initial state i, if the state j can be reached without going
through any state in (n)EC, then (,,)7;j(w) is equal to 7j(w). Otherwise, (,y7;(w) is small than 7;(w).
Since the time (,)7;j(w) to reach j in the chain (,)® is calculated by collapsing all time segments
when the chain arrives outside (,,)E. Using the same argument and replacing ® by (,1)®, we
conclude that (,,)7j(w) is increasing (See Figure 1 for a depiction). The rest proof is similar to that
for Lemma which is omitted here. O

4 Continuous-time Markov chains

We now modify the augmentations in Section 3 to adapt the analysis from DTMCs to CTMCs. Let
® = {®; : t € Ry} be an irreducible and time-homogeneous CTMC on a countable state space E
with the ¢g-matrix Q = (qgix)i rer and the transition function Pj;(t). Assume that @ is totally stable
and regular. We further assume that ® is positive recurrent with the unique invariant probability
vector 7. For CTMCs, Poisson’s equation has the following form:

Qf=-g, (4.1)

and we say a CLT holds if there exists a constant 0 < ¢2(g) < oo such that for any initial
distribution

[

t
: / 9(®)ds = N(0,0%(g)), asn — .
0



Let j be any fixed state in . We define

8
£i(g) = /0 o(@)dt, f() = E: [6;(@)], i€ E,

where 0; := inf{t > J; : &, = j} is the first return time to state j and J; is the first jump time
of ®. According to Asmussen and Bladt [5], we know that the vector f; is a solution of Poisson’s
equation (4.1)).

Let ()@ be the (n + 1) x (n + 1) northwest corner truncation of @ on (,)E. Denote by (n)@

a conservative g-matrix such that (n)@ > ()@ and (n)@ has a unique invariant probability vector
(n)™, Whose corresponding Markov chain is denoted by (,)® = {(n)@ :t€ Ry}, Let (n)J1 and ()0;
be the first jump time and the first return time to state j of (,)®, respectively. Define

(n)9;
m&i(m9g) :/0 w9 ®@)dt, o) fi(1) =Ei [& ()], i€ mE,

where the vector () f; is the unique solution of Poisson’s equation:

Q@ f = —m)3- (4.2)

In the following subsections, we consider the convergence of () fj to f;. Due to the difference,
see Remark between DTMCs and CTMCs, we cannot establish a framework which unifies
the treatment for both censored Markov chain and the linearly augmented truncation. Hence, we
consider the two cases separately.

4.1 The censored Markov chain

We now introduce the concept of censoring for a CTMC. To define the censored Markov chain (,,)®
on (,)E, we first define the local clock which increases by one unit per unit global time during
those intervals when ®; is in (,)E' and remains constant when ®; is not in (,)£. Then, we define
n) Pt = Py if t' is the global time corresponding to the local time ¢. Let le,Eg = (ij)icE, jeEs-
Then, we partition the g-matrix as

Q(n)E,(n)E Q(TL)E,(H)EC
Q= ;

QB mE Q@B BC

where Q(H)E’(")E = (n)@. According to page 126 of [15], the generator of (,)® is given by

(n)Q = (TL)Q + Q(n>E,<n)Ec(_Q(n)EC,(n)EC)71Q<H)EC7(n>E' (43)

It is known from Theorem 5.5.3 in [I5] that the censored chain (,)® is irreducible and positive
recurrent with the unique invariant probability vector ()7, which is given by

(1)

(n)ﬂ'(l) = m, 1€ (n)E (4.4)

10



Theorem 4.1. Let (n)QV be defined by (n) Then

(i) for any initial states i # j € E and n > max{i,j}, both of the sequences {(,0;} and
n&illmgl} increase and converge to §; and &;(|g|) w.p.1, respectively; and
(n)Sitl(n) J J

(ii) for any states i € F,

im ) f5(2) = f5(2). (4.5)

n——+00

Proof. The proof of the first assertion is similar to that for Lemma for the case i # j, which is
omitted here.

Now, we consider the second assertion. Since 7’ |g| < oo, it follows from (4.4) that

im g = i ZLETOED =S ()g(i) = T, (4.6

n—00 n—00 ‘
=0

From Theorem 1.2 in Section 6.1 of Asmussen [17], we have
fiG) = E; [6(9)] — (7" g) Ey[0;] = 0.
Similarly, (,)fj(j) = 0 for all n > j. Hence, we showed that (4.5) holds for i = j.

If i # j, by the first assertion and (4.6|), the proof is analogous to that for Theorem Thus,
this completes the proof. O

Remark 4.1. We cannot expect that (i) of Theorem holds for the case of i = j, which is
different from the discrete-time case. We now explain why we have to be careful for this situation.
Consider a g-matriz Q (see Liu et al. [18]) such that qoo = —Xo, qoi = NoDi, qoi = —qii = \i for
i > 1, and g;; = 0 for otheri,j € E, where ), p; = 1. Suppose that Q is positive recurrent, i.e.
Zi>1pi)\i_1 < 0. According to , we have, for anyn € E,

—Xo D> Pi Aop1 Aop2z ccc Aobn

A1 -\ 0 e 0

(n)Q — )\2 0 —)\2 cee 0
>\n 0 0 0 _)\n

By simple calculations, we have

Now, let A\; = 2 fori € E, and p; = 5; fori > 1. Then Eqo[(,)d0] = 31— 1)/ (1 = 5), which is
decreasing in n. It implies that the sequences {(n)50} cannot increase w.p.1 for the case i = j = 0.

=

From Glynn and Whitt [19], we immediately know that if w7 |g| < oo, then a CLT holds if for
some (then for all, see Proposition (i) teE

E, [¢(Ig])] < oo. (4.7)

11



From [5], if a CLT holds, the variance constant is given by

o2(g) = E;MEE €2(@)] =23 7(i)g(i) fo(d)

1=0

(4.8)

Theorem 4.2. Let (n)é be defined by . If Eg[67]) < oo and holds for some { € E, then

we have
lim (y0°((m)g) = 0%(g).

n—-+o0o

Proof. Similar to (3.6) and (3.7]), we have, for any j € E,

E; [§(lg] - 7" g])] < oo and E;[¢}(lg])] < o0

Form (4.9) and Lemma 3.1 (i) in [5], we have

> (@) (lg(@)] — =T gDE; [&(lg] — 7" g])] < o
=0

and

> w(@)lg(@)IE: [ (1g))] <
=0

Since E;[0%] < oo, from Theorem 2.1 in [I8], we know that

> w(i)Eis
=0

)

Expanding the left hand side of (4.10) and using (4.11))—(4.12), we thus obtain

Zﬂ' ] < oo and Z E; [&(1g])]
=0

By simple calculations, we have, for any n > j,

(4.10)

(4.11)

(4.12)

(4.13)

()0 Z Ei (& (m)9)] = 2 (™" (m9) Z(n)ﬂ(i)g(i)Ei [(n)05]

12



By (4.4), (4.11), Theorem and the monotone convergence theorem, we obtain

A, Z T (D9DE: [ 9)]
= S Zk T g” [ (mg )] = Ei [m&(mg7)]) Lssny
= fgﬂ(i)g(i) (Ei [6(g7)] —Ei [¢(9T)])
= iﬂ(i)g(i)Ei [€5(9)] - (4.14)

Similarly, it follows from (4.12))—(4.13)) that

Jim (7 (g) D T (E: [&i(me)] = (7"g) > w(i)E: [¢5(g)] (4.16)
1=0 1=0
and " -
Jim (7" (9)” D T DE: (] = (x7g)" Y 7(DE: (5] (4.17)
i=0 1=0
By the above limits 7, we obtain the assertion. ([l

Remark 4.2. Theorem 3.1 in Liu and Zhang [20)] showed that holds if ® s exponentially
ergodic and m|g|**™ < oo for some n > 0 or ® is strongly ergodic and w|g|* < co. Hence, we have
similar remarks to that in Remark[31.

4.2 Linearly augmented truncation

In this subsection, we consider the linear augmentation for a CTMC. Similar to DTMCs, for the
fixed state j, the (j + 1)th column augmentation g-matrix (,,)@ is given by

Q= m@+ (—mQmeme;”s n=j. (4.18)
For this special augmentation, (,)E constitutes a close class for (,,)®. Hence (n)@ has a unique
invariant probability vector.

In fact, (n)@ in Remarku is also a linearly augmented truncation g-matrix given by lb with
J = 0. Thus, we cannot expect the increasing property of the sequences {(,,)d;} or {()&;(|m)gl)}
when ¢ = j for the linearly augmented truncation.

Theorem 4.3. Let ()@ be defined by (.18, then both (i) and (ii) of Theorem [4.1] hold.

13



Proof. The first assertion is similar to that for Lemma [3.2] when i # j. However, since the property
in (4.4) does not hold for the linearly augmented truncation, we cannot present a unified proof for
both the censored Markov chain and the linearly augmented truncation.

Now, we prove the second assertion. It follows from 7’ |g| < co and Proposition (ii) that
E; [€(]g])] < co. By the strong Markov property, we have

5ol = 5] [ "o+ [ 6 s
8
— K [hleG)] +E { / | |g<<1>t>|dt]

= O LS R (),

4j U hemrz
from which,
> akBe[&(lg])]) < oo. (4.19)
kEE,k#j
Similarly, it follows that for any n > j,
9() , 1
Ej (& (m9)] =%+ — > aiE [&(m9)] - (4.20)

WG G g<hZi<n
Note that (,,)gjx = qjx for 0 < k # j <n. By (4.19)-(4.20) and the first assertion,

Jim B ()65 (m)9)]

— lim g@ +lim — > g (Br (& (9 7)) = Er [ (m97)]) Lip<ny
e O e N L W
N1
- M +— > g (Br[&(9M)] —Ex [£(97)])
4a; 4 kEE k#j
— E[(g)]. e
Similar to (&21)),

N B; [()0;] = E; [9;]. 2

Thus, from Theorem 1.2 in Section 6.1 of [17], and (4.21)—(4.22)), we then obtain

E; [m&(m9)] _E;&(9)] _ 1

lim (7! ;g = lim =mn'g. (4.23)
nmoe M5 T T 050 ™R (0] E;16;]
The rest of the proof follows from Theorem [3.1 O

Let g = e; in (4.23]), we have the following interesting corollary directly, which establishes the
counterpart to the discrete-time result Theorem 3.2 in Diana and Seneta [21].
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Corollary 4.1. Let (n)@ be defined by . Then we have for any i € F,

Theorem 4.4. Let (n)@ be defined by . If Eg[67] < oo and holds for some £ € E, then

we have
lim ()02 ((m)g) = 0%(g)-

n—-+o00

Proof. Since we cannot perform the same arguments as that for (4.14)), we use the first expression
of 02(g) in (4.8)). By the strong Markov property, it follows that

E, [</OJ1 |g(®)|dt + /Jjj Ig(q’t)ldt) 2]
(ot 2 oo w5, [ o)

_ 2lg(j)l2+2\9(2j)| 3 qjkEk[gj(|g|)]+; > @B [€gD)],

q7 0
J J k#jkeE J ktjkeE

E; [¢5(lg])]

from which,

> anEr [ (lg])] < oo (4.24)

k#j,k€E

Similar to DTMCs,

2

E; (& (@] = Ej [m& ()] =2 (™ 09) Ej (&) - m3i] + (™ )9)” Ejliny53)-
For any n > j, we obtain that
29(5)* | 29(j) 1
Ei [m&(m9)] = T+ Y GE[w&G(m9] +—= D GiBr (& (m9)] -
M9 WY g<kzi<n (M o<ktj<n
It follows from (4.24]) and Theorem that
Tim oy Bk (& (09)]
0<kZj<n
= lim Z GirEx (& (mg™)] + lim Z B (&5 (97)]
0<kZj<n 0<kAj<n
=2 lim Z @kEx ()& ()9 ))& (g7 )]
0<kAj<n
= D G [§9)] (4.25)
k#j,keE
Thusv by " and "‘ )
lim E; [)&5 (9)] = E; [§(9)] - (4.26)

15



Similarly, we have

lim Ej[)07] = E;[57], (4.27)
and
lim E; (&7 ()9) - 3] = E;j [€5(g) - 0] - (4.28)

Hence, by the above limits (4.26])—(4.28) and (4.22)), we obtain the assertion of this theorem. [

5 Applications

In this section, we apply our results to two types of classical asymmetric Markov processes: single-
birth processes and single-death processes. For simplicity of the presentation, we only consider the
discrete-time case for the former and the continuous-time case for the latter.

5.1 Discrete-time single-birth processes

The discrete-time single-birth process ® = {®y, : k € Z, } has a special transition matrix given by
Pii+1 > 0 and p; ;1 = 0 for all ¢ > 0 and k& > 2. In order to solve Poisson’s equation, we need the
following notations (see, e.g. Chen and Zhang [22]). Define

k
:meia 0§k<m7
=0

and

m—1
i . 1 i .
FD —1, g = E pﬁ,’fb)F,g),0§2<m.
Pm,m+1 i

Theorem 5.1. Suppose that the single-birth process ® is irreducible and positive recurrent. If the
function g satisfies w''|g| < 0o, then for any fived state j € E, we have

J—1 m (k)
F,
SN sy
i b0 pk:k:-i—l
fi(i) =40, if i =7, (5.1)
i—1 m _
F
y = ) ifj<i
=i k=0 pkk+1

Proof. For a fixed state j € E and n > j, we consider the (7 + 1)th augmented matrix (n)]S defined
by (3.14). In the follows we solve (1.3) with (,yf;(j) = 0. From Corollary 2.3 in [22], we have that

ik -
. . E™ g (k) .
0 fi@) = fi ) = WTE g <i<n -1,

=0 Pk k+1

16



Since (,,) f;(j) = 0, we can use the inductive arguments to show for i < j,

j—1 m F(k

5 3 grenii] .
i k0 Pk k+1

For the case of j <7 < n,

i—1 m
ZZF . (5.3)

=0 k—0 Pk k+1

Thus we obtain the solution of Poisson’s function (|1.3]). It follows from Theorem that for ¢ < j,

i—1 m (k) m (k)
. . . Fn’g(k) T 3
lim () f;(i) = lim < —_— T (g
n=voo (") i) ""C’Omzo kZO Pk k+1 ((n) ) ) kZ::O Pk k+1
i1 (k:) m (k)
Fn'g(k) . F,
= I ()Y
=0 k—0 Pk k+1 =0 Pkk+1
i—1 m m (k)
F
T m
S (g 5
m—0 =0 Pkk+1 =0 Pik+1
B i—1 in: F _
m—0 k=0 Pkk+1
The case of ¢ > j can be verified similarly, which is omitted here. We obtain the assertion. (|

Remark 5.1. The result of Theorem was first established in [23]. Here, we revisit it using
the truncation approzimation. The continuous-time case, which was first presented in [2()], can be
vestigated similarly.

5.2 Continuous-time single-death processes

We call ® = {®, : t € R} } a single-death process on the state space E, if its g-matrix @ satisfies
gii—1 > 0foralli>1and ¢;;— = 0foralli > k > 2. Assume that () is a totally stable and regular
single-death g-matrix. To solve Poisson’s equation, we need to introduce the following notations
(see e.g. Zhang [24]):

00
:ZQmia k>m >0,

i=k
and 4
¢ =1, 6 =ql_1 > dvey. 1<m<i

k=m+1

It is shown in Liu et al. [25] that the g-matrix (n)@ of the censored Markov chain on (,)F is

17



actually the last column augmentation of ). Specifically, (n)@ is given by

qoo 4qo1 4qo2 - qo,n—1 9y
qi0 911 qi12 - q1,n—1 q§")
- 0 . (n)
_ q21 422 q2,n—1 qs
@ = T . .
0 0 0 ot Qn—1,n—1 qgn_)l
0 0 0 T dn,n—1 —qnn—1

Theorem 5.2. Suppose that the single-death process ® is irreducible and positive recurrent. If the
function g satisfies w7'|g| < 0o, then for any fixed state j € E, we have

mg L .
Z Z Q-1 Hi<

m=i+1k=m
if i=3j (5.4)

! Ggig e
Z Z Qkkl’ if j<i.

m=j+1 k=m

Moreover, if holds for some £, we have

(5.5)

Proof. Similar to the analysis of the single-birth processes, from Poisson’s equation (4.2)) and for a

fixed state j < n, we obtain
n

( > o (k) - (n)fj(k—l))—i-(n)g(i)), 1<i<n-—1.

k=i+1

. . 1
m fi(8) — @y fi(i = 1) = P

)= o= 1) = 27

From Corollary 2.3 in [24], one can easily show that

= (k)(n)ﬁ(k)
mFi(0) — @ fili—1) =Y L 1 <i<n, (5.6)
ey dkk—1
Since () f(j) = 0, by using the induction similar to (5.2) and (5.3), it follows that
. 4 Gl mya(k) o
mfi) == 2#7 0<i<y,
m—itlh=m  Tek=1
and ‘ ®
. ~ = G ()3 (k)
wf@) =) Z#v j<i<n
m=j+1k=m e k1



Then, we obtain the solution of Poisson’s function (4.2)).

From Theorem we have, for i < j

: "G (k)
lim () fi() = — lim § W
oo ( )f]( ) m;s_lnﬁookz,; -
. "GPk . no gk
= - (,}5{}02 4 )—nh%o (7 m9) )
m=i+1 f—m IRE-1 =k k-1
. o N .
- _ Z ( ng)g(k) ( T )Z Gﬁn) )
qk,k—1 qk,k—1

The case of ¢ > j can be verified similarly. Thus, the first assertion is proved.

According to (4.8]) and (5.4), we have for any j € E,

Jj—1 J 00 (k)= oo i 00 (k)—
g) = —23 gl S0 S EIW Ly S g ST Gt
i=0 m—itl k= TEk—1 i=j+1 m=j 1 kem k=1
() Jj o (k)= Jj—1 J 0 (k)=
= 23 wg) 33 I oS gy 3 S Gt
=1 T —— i—1 m—it1h=m TRkl
w2 Y age) Y Y St
i=j+1 m=j+1k=m TRF-1
= 2) w(i)g(i) Y > T
i—1 T ——
in which the third equation following using the fact that
m(i)g(i) = 0.
i=0

0

Remark 5.2. (i) The integral-type functionals for single death processes had been investigated
by Wang and Zhang [26] by using different arguments, which hold only for downward integral-type

functionals (i.e. the case i > j in (5.4)).
(ii) When ® is an irreducible and positive recurrent birth-death process, becomes

) 00 1 7 B 2
=3 (kzzow(wm) .

19



Example 5.1. This example was taken from [2])]. Give a constant b > 2. Define a totally stable,
conservative, and irreducible single-death q-matriz Q = (¢;j) as follows:

b—1 L. b—1 —b+1

% = g J >i+1; ¢ = 0 BT Tl = T
b—1 . 1

Goj = g J= 1 q0=—q0=7.

1> 1;

7

By calculations, we have

1 1
k) _ . (k) _ .
qg)_bk*n+1’ ]-Sngk, qO _bk.7 kZ]-a
and 1
)= ___ ~ _ 1<n<i.
G, b1y <n<ig

From [24] again, we know that the single-death process is exponentially ergodic, and the unique
invariant probability vector is given by

. b—2 .
77(7,) = m, 2 Z 0
Let g(i) = i, then
b2 +2b—2
wlgl=ntg =15 =l =75

Thus, from Theorem [5.2] we have
i—PDeE+5+)0-1)-2} ., .
| (@ —)E+5j+1)(b-1) L if it
(i) = 2(b-2)
0, if i=j.

According to Remark we know that the variance constant o2(g) exists and is given by

ﬁ()_QF—6W+8b—4
N ()T

Example 5.2. Consider an extended class of branching processes with q-matriz as follows:

b i=0,7>1,
qij =S i%pjiy1, P21, j>i—1,
0, else,

where o > 0, bj > 0 for j > 1 and0<—bozzk¢obj<oo;pj20f0rj7é1, and 0 < —p1 =

20



In the above model, let

K _ N . (k) 1
Q7(‘L) 2'3]{:7%’ _’I’L<k§, qO W’ k>1,
and 1
G = g 1Sn <
Let ®)
o0 n
G, 1 2n 1
h,, = =—+ —|In2—- — > 1.

From Theorem 4.1 in [24], we know that the single-death process is exponentially ergodic.
According to [25], the unique invariant probability vector is given by

7(0) = —— (i) L > 1.

T2 1(1+14) 7

T 1+ nd’
Let g(i) = i, then
) 12
Tyl — T T3 — .
mlgl=mg =g el =
Thus, from Theorem [5.2], we obtain
(4 2
4. L e
3(Z ])+ 1+1n4 Z (3] Zf@<j,
n=1+1
fi(i) =<0, if i=j.
4 2 :
4. h i
n=j+1

According to Remark we know that the variance constant 02(g) exists and is given by

o0

2 1 2 4 2 <
2 . .
- iy Si- I |- .
o*0) = T 2 (2 1+ln4> <3Z T 2 > (5.7)

i=1 n=1

On the one hand, we can approximate o(g) by truncating the corresponding infinite series (5.7)).
Denote by (,)0%(g) the partial sum of the first n items in the series (5.7). To gain information
about n, we bound the error between o%(g) and (,,y02(g) as follows

oo .
i
en = 07(9) — 0 (9) < 53
i=n
Moreover, e, < 107* when n > 22. On the other hand, according to Theorem {4.2| we can
approximate o2(g) with (,y02((,)g) directly. The comparison between (,y02(g) and (,,y02((»)g) is

depicted in Table 1, which shows both are almost identical and the variance constant is 1.4645.
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Table 1: The variation of (,)02(g) and (,,y02(()g) with the level n.
n 10 12 14 16 18 20 22 24 26
(n)O'Q(g) 1.4448 1.4585 1.4627 1.4640 1.4643 1.4644 1.4645 1.4645 1.4645
m02(mg) 14394 14566 14621 1.4638 14643 14644 14644 1.4645 1.4645

6 Conclusion and discussion

We develop the technique of augmented truncation approximations for the solution of Poisson’s
equation and the variance constants in CLTs. The role of the technique is two-fold. On the one
hand, it provides us a useful way to derive explicit expressions for the solution and the variance
constant for some infinite-state Markov chains. On the other hand, it provide us an efficient way
to approximate them numerically as the truncation size becomes large.

We now discuss possible extensions and improvements of the results in this paper.

It is interesting to extend the technique of augmented truncation to investigate block-structured
Markov chains. The censored chain technique can be expected to hold with a little more complicated
arguments. The extension of the technique of linearly augmented truncation is more involved since
first it should be extended to block column augmentation, and meanwhile, the monotone assumption
about the first return time moments should be extended to block monotone situation.

To perform the truncation approximations effectively, it is desirable to know some information
about the truncation size. Hence it is important to investigate the bounds on the truncation
approximation error. The arguments in this paper and some ideas in Liu and Li [§] may be used,
but definitely it requires also new arguments. This is an interesting and challenging topic for the
future research.

A

We present two useful propositions about the first return time for DTMCs and CTMCs, respectively.

Proposition A.1. Suppose that the DTMC ® is irreducible and positive recurrent. For any finite
non-negative vector g, we have

(i) E/[¢V(g)] < oo for some £ € E if and only if E;[(F(g)] < oo for any state i € E;

(ii) E¢[Ce(g)] < oo for some £ € E if and only if E;[(;(g)] < oo for any i,j € E. In particular, if
wlg < oo, then E;[¢j(g)] < oo for any i,j € E.

Proof. By Theorem 4 of Section 14 in Chung [27], we obtain the first assertion directly. For the

second assertion, we only need to prove the sufficiency since the necessity is obvious. Since the
chain is irreducible, then there exists some m > 0 such that

22



Thus, we have
Ti—1 00
E; [ Z 9(%)} = E [Zg(q}k)ﬂ{lmn}} +g(i)
k=1
= Zzz‘pfeg(@ +9(i)

leF k=1

> Z > iy ik ™ g(0)

LeE k=m+1 jeE’

zpwz Z zpjg

LeEE k=m+1

= Py Z Z 9 (0)

leE k=1

v

AV

from which,

T—1 00
E,[¢i(g)] = E; [ 3 g(cbk)] =3 kg + 9(j) <

k=0 leE k=1

Since @ is positive recurrent, this shows that Ej[§;] < oo for any £ € E. If #¥g < oo, then by
Theorem 10.0.1 in [I], we obtain

EllG(9)] = E: [ 3 g(@w} — (x"g) Eil6] < oo

Thus the proof is finished. O

Proposition A.2. Suppose that the CTMC ® is irreducible and positive recurrent. For any non-
negative finite function g, we have

(i) E([&)(g)] < oo for some € € E if and only if E;[€(g)] < oo for any state i € E;

(ii) E¢[ée(g)] < oo for some £ € E if and only if E;[€;(g)] < oo for any i,j € E. In particular, if
wlg < oo, then E;[¢j(g)] < oo for any i,j € E.

Proof. The proof is similar to Proposition which is omitted here. O
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