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Abstract

Finite state Markov processes and their aggregated Markov processes have been extensively studied, especially in
ion channel modeling and reliability modeling. In reliability field, the asymptotic behaviors of repairable systems
modeled by both processes have been paid much attention to. For a Markov process, it is well-known that limiting
measures such as availability and transition probability do not depend on the initial state of the process. However,
for an aggregated Markov process, it is difficult to directly know whether this conclusion holds true or not from
the limiting measure formulas expressed by the Laplace transforms. In this paper, four limiting measures expressed
by Laplace transforms are proved to be independent of the initial state through Tauber’s theorem. The proof is
presented under the assumption that the rank of transition rate matrix is one less than the dimension of state space
for the Markov process, which includes the case that all states communicate with each other. Some numerical
examples and discussions based on these are presented to illustrate the results directly and to show future related
research topics. Finally, the conclusion of the paper is given.

1. Introduction

Finite-state time-homogenous Markov processes (chains) have been widely used in many areas, for
example, in ion channel modeling [3, 5, 10] and in reliability modeling [2, 6-8, 15, 16, 18, 20, 26]. The
evolution process of a finite-state time-homogenous Markov process is not always observed completely;
sometimes, it can only be obtained partially, which depends on the operational situation and apparatus
used. For the complete information evolution of the processes, there are lots of literature in both theory
and practice. The situation of partially observable information on the evolution becomes more diffi-
cult, but there has been much literature at present since this case can be encountered in more practical
circumstances. The aggregated stochastic processes can be used to decribe evolution processes with
group information observed, for example, the underlying process is known to be in a subset of states
instead of a specific state. In general, people name the aggregated stochastic process in terms of its
underlying stochastic process. For example, if the underlying process possesses the Markov property,
then the corresponding aggregated stochastic process is called an aggregated Markov stochastic pro-
cess. The aggregated Markov and semi-Markov stochastic processes have been extensively used in ion
channel modeling and reliability, for example, see Colquhoun and Hawkes [11], Ball and Sansom [4],
Rubino and Sericola [24], Hawkes et al. [19], Zheng et al. [31], Cui et al. [12—14], and Yi et al. [27-29].
Of course, there are some differences on the studies of aggregated stochastic processes in ion channel
modeling and reliability. For example, the assumptions on the underlying processes and research con-
tents have some differences. In ion channel modeling, the underlying Markov processes are assumed
to possess time reversibility, which is not needed in reliability. In research contents, the steady-state
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behaviors are considered in both subjects, but in reliability, studying the instantaneous properties of the
aggregated stochastic processes is one of the important tasks under the given initial state.

As mentioned above, in reliability, the limiting behaviors have been studied already, which are mainly
done by obtaining the instantaneous measures when time ¢ approaches infinity [1]. It is well known that
the limiting behaviors of the underlying Markov process do not depend on the initial state in most cases
in terms of the common knowledge of Markov processes [23, 25]. Thus, the corresponding aggregated
Markov process also has this property [21]. However, based on the corresponding formulas derived
from the aggregated Markov processes, it is difficult to get this conclusion directly. In detail, the steady-
state measures are obtained in aggregated Markov processes using the Laplace transforms. In terms of
Tauber’s theorem, the steady-state measures equal to the limits of the products of an s and the Laplace
transforms of steady-state measures when s approaches zero from the right side. The Laplace transforms
of steady-state measures contain the initial state probabilities, which, in general, are matrices or vectors.
Thus, unlike one-dimensional case, it is hard to see that the initial state probabilities do not play any role
in the steady-state measures. More details are given in Section 3. The aims of this paper are to present
the rigorous proof on this conclusion, that is the four steady-state measures given in the paper do not
depend on the initial state. The detailed contributions of the paper include the following: (i) Under the
condition Rank(Q) = n — 1 (the dimension of matrix Q is n x n), which includes the case that all states
communicate each other, the proof that four steady-state measures expressed by Laplace transforms do
not depend on the initial state is presented; (ii) A numerical example on the condition Rank(Q) =n -2
is discussed and the rank of the transition rate matrix also is studied; and (iii) This proof can bridge
a gap between the common knowledge in Markov processes and aggregated Markov processes for the
case of steady-state situation.

The organization of the paper is as follows. In Section 2, some basic knowledge on the aggregated
Markov processes and the inversion on four-block paritioned matrix are presented. Meanwhile, the
proof for that Rank(Q) = n — 1 for the case that all states communicate with each other is given. The
four steady-state measures expressed by Laplace transforms are derived, and two essential terms are
abstracted for the later contents in the paper in Section 3. In Section 4, the main results that two essential
terms that contain the four steady-state measures do not depend on the initial state are presented. Three
different numerical examples are given to illustrate the direct ways for the limiting results in Section 5;
especially, some discussions are presented, which may be useful for the case of Rank(Q) < n — 2.
Finally, the paper is concluded in Section 6.

Throughout this paper, vectors and matrixes are rendered in bold, namely, # denotes a column vector
of ones, I denotes an identity matrix, and 0 denotes a matrix (vector) of zeros, whose dimensions are
apparent from the context. Besides, the symbol T denotes a transpose operator as a superscript.

2. Preliminaries

In this section, some basic knowledge on the theory of aggregated Markov process are presented, which
are developed in pathbreaking papers such as Colquhoun and Hawkes [11] in the ion channel literature
and other papers like Ball and Sansom [5] in the probability literature and Rubino and Sericola [24] and
Zheng et al. [31] in the reliability literature. These knowledge form our basic concepts and notations
in this paper. The basic assumptions to be used are also discussed, and the proofs of some of them are
given in this section.

Consider a finite-state homogenous continuous-time Markov process {X(¢),# > 0} with transi-
tion rate matrix Q = (qij)nxn, state space S = {1,2,...,n}, and initial probability vector @y =
(ay,a,...,a,). The stochastic process {X(),t > 0} can result from many areas such as ion chan-
nel, quality and reliability, operational management, and so on. With many possible reasons, the state
space can be assumed to be aggregated by partitioning into classes, so that it is possible to observe
only which class the stochastic process is in at any given time instead the specific state it is in. This fact
forms a new stochastic process {X (), > 0} with state space S such that |S| < |S], that is, each class
in § is a state in S. The stochastic process {X (), > 0} is called an aggregated Markov process, and
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the stochastic process {X(#),t > 0} is called the underlying one. In reliability field, in general, the state
space S can be divided into two classes: the working (up) class, denoted by W, and the failure (down)
class, denoted by F, that is, § = W U F. Without loss of generality, it is assumed that W = {1,2,...,n,}

and F = {n, + 1,n, +2,...,n}. The corresponding transition rate matrix @ can also be written as
Orw  Qrr

To study the aggregated Markov process, the following concepts and notation are given:

Wp,-j(t) := P{X(¢) remains within W throughout time 0 to time ¢,
and is in state j at time ¢|X(0) =i}, i,j e W. 2.2)

After simple manipulations, we get, in matrix form, Wpij(t) are the elements of the n, X n, matrix

Pow(®) = ("py(0) = exp(@uw). 23)

o XNy

Another important quantity is defined as

gij(t) == AlimO[P{X (7) stays in W from time O to time ¢, and leaves W for state j
t—

between t and 1 + At|X(0) = i}/At], ie W,jeF. 2.4
Similarly, we have, in matrix form, g;;(¢) are the elements of the n, X (n — n,) matrix
Gwr (1) = Pww (1) Qwr- (2.5)

The Laplace transform will be used throughout the paper, which is defined for function f(¢) as f*(s) =
fow e S'f (1) dr. The Laplace transform for a functional matrix is defined elementwise. The Laplace
transforms of Eqs. (2.3) and (2.5), respectively, are

Py (s) = (I = Quw) ", (2.6)

Gy (5) = Pyyy (5)Qwr = (s = Quw) ™' Q. 2.7

where s is the Laplace transform variable. From Eq. (2.7), the matrix Gy,;(0) will be briefly denoted
as Gwr, that is,

Gwr = Giyp(0) = —QywQwr- (2.8)

The inversion of a partition matrix will be used in this paper; the related results are presented as follows.
Given a four-block partitioned matrix

M= Mww Mwr
Mpw Mpgp
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if Mww and M g are not singular, as discussed in Colquhoun and Hawkes [11], its inversed matrix is

Xw -M ;VIWM wrXF

M=
~MpMrwXw Xr

i

where

Xw = (I - MyyMwrMppMpw) ™ My,
Xp = (I - MppMpwMyyMwr) ™ 'Mp.

Using the results presented above, for

1o)== Cww  —Qwr ,
G- ( —Orw SI—QFF)

we have

(I-Q)" =

[P()]ww  [P(s)]wr ’ (2.9)
(P()]rw  [P()]pr

where

[P()lww = [I = Gy (5)Grogy ()] Py (),
[P()]rw = Gy () [T = Gy (5)Giogy ()]~ Py (5).

For the results on the inversion of a partitioned matrix, there is a requirement on the existence of
both matrix (sI — Qyww) ™' and matrix (sI — Qgg)~" for any variable s > 0. The proof for these can be
found in several literature, for example, see Yin and Cui [30].

On the other hand, the existence of Q;Vlw and Qg }v is also needed for the underlying stochastic Markov
process {X(t),¢ > 0}. In the ion channel modeling literature, the time reversibility and communication
for all states on the underlying process are assumed, but in our paper, it is extended into the situation of
Rank(Q) = n — 1, that is, the rank of transition rate matrix @ is equal to n — 1, which can not only cover
the case in ion channel modeling but also include many other cases, for example, see some numerical
examples presented in Section 5 of this paper. The proof of the existence of Q;VIW and Q;}v is given in
the following lemma.

Lemma 2.1. For a finite-state time-homogenous Markov process {X(t),t > 0} with transition rate
matrix Q,,,.,, and state space S, if all states communicate with each other, then Rank(Q,,,.,,) =n— 1 and
Rank(Qww) = 1o, Rank(Qpp) = n —n,.

Proof. Let the transition rate matrix be

—411 412 qdin
21 —q22
0= f]. .61

4(n-1)n
qn1 to dn(n-1) —Y4nn
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and the steady-state probability vector be 7 = (7, 7,... ,ﬂn)T. Since the vector zr satisfies the
following set of equations

0'n =0,
Z:‘l:] m=1,
which is equivalent to the following linear set of equations
Q7 =b,, (2.10)
where b; = (0,...,0,1,0,...,0)T and
— e
i
—q11 q21 t qnl
_ qi1G-1) 923i-1) °°° 4n(i-1)
Q; = 1 1 . 1
qi(i+1)  q2(i+1)  *° qn(i+])
qin q2n te ~4nn

Because we know that there exists a unique solution xr to Eq. (2.10) and all n; are greater than zero
in terms of all states being communicated to each other, then based on Cramer rule, we have

Rank(Q,) = Rank(Q;:b;) = n,
det[Q,,]
==,
det[Q;]
where Qi ;18 a matrix resulting from replacing the jth column of Qi by vector b;. Furthermore, we have

det[Q,-J-] # 0 because 71; > 0, that is, Rank(Ql-J-) =n for any i,j € S. When taking i = j = n as a special
case, we have

-qu qd(n-1)1 0
Qn—l,n—l = ’ )
di(n-1) " —4(n-1)(n-1) 0
. 1 1
and
—q11 qd(n-1)1
det (Q(n—l),(n—l)) = det : :
di(n-1) *°° —4(n-1)(n-1)
—q11 q1(n-1)
= det : . * 07
dn-1)1  *°° —4(n-1)(n-1)
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that is, Rank(Q) = n — 1. Furthermore, without loss of generality, it is assumed that the state space S
can be partitioned into two disjoint parts, thatis, S = W+ F = {1,2,...,n,} +{n, + 1,n, +2,...,n}.
We consider the special case of i =j = n, + 1, that is,

-qu o gpg O e 0

) . . ) T .

: : : ww :

_ i, " ~Gugn, 0 - 0
Qpiiml = 1 1 1 -..l= 1 1 1
qi(n+2) " Qe+ O Q(n+2) 0 Qi) O

Qim0 qm 0 - w0 gm0

Thus, we have det[Qa,W] = det[Qww] # 0, that is to say, Rank(Qyww) = n, = |W|. Similarly, we can
prove that Rank(Qpp) = n — n, = |F|. It completes the proof. O

As mentioned above, if Rank(Q,,,,) = n — 1 for a finite-state time-homogenous Markov process, all
states may communicate or not, for example, see examples presented in Section 5. On the other hand,
Lemma 2.1 told us that if all states communicate with each other in a finite state Markov process, then
the rank of its transition rate matrix is n— 1.

Unlike in the ion channel modeling, in this paper, we focus on the limiting behaviors of the aggregated
Markov processes, which are used to describe the maintenance processes in the reliability field. The four
steady-state reliability indexes are studied, which include the steady-state availability, the steady-state
interval availability, the steady-state transition probability between two subsets, and the steady-state
probability staying at a subset. All these four indexes can be expressed through using the aggregated
Markov process and the initial conditions of the underlying process being at the initial time # =0, which
all are the products of the initial probability vectors and matrices. It is not easy to know directly in terms
of these formulas that these expressions do not depend on the initial probability vectors. However, the
common knowledge in Markov processes tells us that they hold true. The proofs on that will be presented
in terms of these products when time approaches to infinity in next section.

3. Limiting results derived by using aggregated Markov processes

The limiting results in aggregated stochastic processes are considered in many theoretical and practical
situations. In reliability field, especially for repairable systems, some limiting behaviors need to be
considered. The following four reliability-related measures, in general, are paid attention to:

(1) the steady-state availability, denoted as tlim A(1);

(2) the steady-state interval availability, denoted as tlim A([t,t+a]), where a > 0;

(3) the steady-state transition probability between two subsets, denoted as lim pg,s, (f), where S; C S,
—00

(i=1,2)and S; NS, = ¢, ¢ is an empty set; and
(4) the steady-state probability staying in a given subset tlim ps, (1), where So € S, thatis, Sy is a proper

subset of state space S.

In the sequeal, the computation formulas for the four measures are derived in terms of the theory of
aggregated Markov processes.
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(1) The steady-state availability
The definition of steady-state availability is given by

,li,I?oA(t) = tli)rgP{X(t) € W} (3.1

LetA(t) = (A1(2),...,Aw (1)), where A;(f) = P{X(t) = i € W}, then we have
AW = a0 [ fPww(c -0 du (32)
0

where Pyw (1) = exp(Quwt) and f(1) = (ﬁj(l))|s|x|W|’ its elements f;; () are the probability density
functions of the durations starting from state i at time 0 and ending at time ¢ by entering state j, with
initial probability vector @ = (aw, @p). Thus, the Laplace transform of A(¢) is

A*(s) =Ay(s) +Ap(s), (3.3)

where Aw (7) := P{X(t) € W} and Ap(f) := P{X(¢) € F},

Ay (5) = aw Y [Giyp()Gy ()] (5T = Qyyy) ™!
r=0
= aw [l - Gy ()G (5)] ' (T = Q) ™, (3.4)

this is because the system is in W at time ¢ after it spends a duration of either 0, or 1, or 2, . . . transitions
from W to F and back, and the convolution forms a product by taking the Laplace transform. Similarly,
we have

A3 (5) = @Gy (5) Y (G ()G ()] (5T = Qo)™
r=0

= @r Gy () [I = Gl ()G ()] ' (5T = Q)™ (3.5)

Based on Tauber’s Theorem ([22], Final Value Theorem [9]), Theorem 14.1 in reference [22], or
Theorem 2.6 in reference [9] tells us that

[e9]

limt/ e Vs(v)dv = lim s(v).
t—0 V—00
0

Then, we have

tlim A(r) = tlim [Aw (D) +Ap(D)uw] = liir(r)l[s(A’;V(s) +A%(s))uwl, (3.6)

—00 —00 s
where uw = (1,..., 17T,

———
4
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(2) The steady-state interval availability tlim A([t,t +a])
The definition of steady-state interval availability is given by

tlim A([t,t+a]) = tlim P{X(u) e W, forallu € [t,t+a]}. 3.7
Since A([t,t+a]) = Aw(?) exp(aQww)uw, thus we have

tlim A([t,t+a]) = tlim Aw(t) exp(aQww)uw

Slir(r)l+ [sAy (5)] exp(aQww)uw. (3.8)

(3) The steady-state transition probability between two subsets tlim Ds;s, (t)
—00
The definition of steady-state transition probability between two subsets is given by

lim s, (1) = lim P{X (1) € $2|X(0) € S1}. (3.9)

There are two cases to be considered in the following:
CaseI:S1US, =S
Similar to Eq. (3.5), we have

Pyys,(8) = BiGs, () Y [Gis, ()G s, (5)] Py s, (s)us,
r=0

=BGy 5, () - Gy 5, ()G 5, ()17 (sT — Qs,5,) " 'uis, (3.10)

where the initial probability vector B, = (ﬁ, ey ;s‘('h_) =(B1,...,Bs,) andus, = (1,...,1).

ieS) =3 —
S21
Cang: S1+S, ¢S
LetS; = S/S}, then we first consider the pg 5 (s). From Case 1, we have known that
191
Py5,(5) = BiGy 5 ()T =Gy ¢ (G ¢ ()17 (5T - O5,5,) s,
where ug, = (1,...,1). On the other hand, we have
N——
Is1]
Ps,s5,(8) = BiGy 5 () = G ¢ ()G ¢ ()17 (5T = Qg,5) 1, (3.11)
where vy = (1,...,1,0,...,0)T, with S, € S;.
—— —
|52 ] [S1]-1S21
(4) The steady-state probability staying in a given subset tlim Ps, ()
—00
The definition of steady-state probability staying in a given subset is given by
tlim ps, (1) = lim P{X(r) € So}. (3.12)
—00 t—o00

Note: When S| = S, lim pg, s, (¢) in Eq. (3.9) reduces to lim pg,(¢) in Eq. (3.12).
t—o0 t—o00
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‘We have
P5,(5) =By ), [Gy 5, (G 5 ()] Py, (o
r=0
+BoGy 5. (5) Y Gy g ()G o ()] Py g, (s)ug
r=0
:ﬂ() [I - G;()S() (S)GE()S() (S)] _IP:;()S(] (S)uo
+BoGy g (I = Gy ()G ()17 Py 5, (s)uo, (3.13)
where the initial probability vectors B, = (ai,...,q|sy|), ,BO = (asy)+15--->|s]), and ug =
(1,...,DT.
———
[Sol

Note: In some contents, the steady-state probability staying at a given subset lim pg, (¢) is equivalent
t—00
to the steady-state availability lim A(#) when two subsets coincide, that is, lim pg,(f) = lim A(#) when
t—o0 t—o0 t—o0

W =S.
Based on the four steady-state measures expressed by Egs. (3.5), (3.6), (3.8), (3.10), (3.11), and
(3.13), we only need to consider essentially two terms, which are

T1(s) =aw (I = Giyp()Gy ()17 (T = Qyyy) ™!
+ @Gy () [I = Giyp(5)Gigy ()] (5T = Qyy) ™", (3.14)

T2(s) = Bi Gy () = Gy (5) Gy ()] 7' (5T = Q) ™" (3.15)

Note: when we replace the subsets S and S, S; and S1,So and S by F and W in the corresponding
equations, respectively, then the two terms presented in Egs. (3.14) and (3.15) are given.
Summarizing the above cases, we need to calculate the following two limits: lilr(r)l[sT ()] (i=1,2)
S

for getting the four steady-state measures under the case that s approaches to zero from the right side,
which is equivalent to the case that time ¢ approaches to infinity.

4. Proofs on the limiting results

As mentioned above, the four limits do not depend on the initial state probability vector of the underlying
Markov process considered, which is a well-known result in Markov processes. However, when using
the results in aggregated stochastic process, it is not directly known that the four limits are not relevant
to the initial state probability vector. In the following, we present a detailed proof on this conclusion.
Before giving the main results, two Lemmas are needed first.

Lemma 4.1. Given a matrix Q,,,, if Rank(Q,y,,) = n—k (k € {1,2,...,n — 1}), then there exists a
nonsingular matrix C such that

o|] B
0 | P_i)yx(n-k)

Qxn =C! C, 4.1

where Rank(P(,l_k)X(n_k)) =n-—k

Proof. See Fang et al. [17] . O
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Corollary 4.1. Let matrix P(s) := sI — Q and Rank(Q) =n—k (k € {1,2,...,n—1}), where Q is the
transition rate matrix of Markov process {X(t),t > 0} with state space S = {1,2,...,n}, then

det[P(s)] = s*Py-x (k) 42)
where P,_i(s) is a polynomial of s with degree n —k and P,_;(0) # 0.

Proof. Based on Lemma 4.1, we have

det[P(s)] =det|sl —C! 0 | B C
0 | Pluiyxn-i)
=det [C7![sI - 0| B C
0 | Pi)yx(n=k)
=det |sI — 0 | B
0 | Piuiyxini
K 0
= det -B = skPy_(s).
0 K
0 | ST — P (i _j)yx (n-k)

On the other hand, Rank(—P(,—x)x(n-k)(0)) = n — k, that is, P,_x(0) # 0, which completes
the proof. O

Lemma 4.2. For the Markov process {X(t),t > O} with state space S = WU F and WNF = ¢ and

transition rate matrix Q = Oww  Qwr , then
Orw  Orr
det[Qyw (I - GwrGrw)] = 0. 4.3)

Proof. We have

Oww (I — GwrGrw)uw

= [Qww - QWW(_Q;VleWF)(_Q;‘Il«‘QFW)]uW
= [Qww — QwrQr1Qrw)luw

= Qywuw - QWFQ;‘}“‘QFW"W

= Qwwuw — QwrQpp(—Qpruir)

= Qywuw + Qwrur =0,

that is, the sum of each row of matrix Qww (I — GwrGFw) is zero, then it completes the proof. O

Lemma 4.3. Let {X(1),t > 0} be a finite-state time-homogenous Markov process with state space S =
{1,2,...,n}, and its transition rate matrix be Q. If S = WUF and WNF = ¢ and Rank(Q) = n—1, then
lilr{)l[sTl ()] and lil%l[sT 2(s)] are independent of the initial probability vectors ay and B, respectively.
S N
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PVOOf. First we have
limT =T¢(0
sllo I(S) 1( )

= aw[I-GwrGrw] ' (-Qww) ™" + @r Grw[I — GwrGrw] ™' (-Qyw) '

= —(aw + arGrw) [Qww I-GwrGrw)] ™",

and lilr(r)l T2(s) = —B,Grw|[Qww(I-GwrGrw)]~'. But from Lemma 4.2, we can know that both
S
lil%l T,(s) and lil%l T;(s) do not exist. Thus, we cannot directly get the liﬂ)l[sTi(s)] (i = 1,2) by replacing

s with zero.
Now we consider the inversed matrix P(s) directly for a given transition rate matrix @ when
Rank(Q) =n -1,

Pls)=GI-Q) ' = P(s) = P*(s), 4.4)

1 1
det P(s) sP,_1(s)

where P,_;(s) is a polynomial of s such that P,_;(0) # 0, and the adjugate matrix P*(s) given by

det[Py(s)] — det[Py(5)] s (=)™ det [Py ()]

. — det[P12(s)] det[P(s)] e (=)™ det[Pya(s)]

P (s) = . . . :
(ﬂ“@m@(ﬂ“@mm-~ MMM]

On the other hand, we have Pj;(s) = sI — Qjj, i,j € S, where Q;; is a matrix obtained by deleting the ith
row and jth column of Q. Obviously, we known that det[P;;(s)] is a polynomial of s with degree n— 1.

Let det[P;;(s)] = P,(liji ]) (s). Thus, we have

e Bt

“1/ _ 1 -P, (s) P, (s) (_1)n+2Pnri,l (s)

P~ (s) = sPa1(5) . ,
(_1)n+1P(l ) (S) (_1)n+2P(2 ) (S) . P(n n) (S)

Besides, we can prove that (—1)™/ det[P;;(0)] = (=1)* det[P;;(0)] foranyi,j, ! € S. This is because,
if we denote p;;(0) = pjj, for any i,j € S, then it is clear that P(0) = (p;;(0)) ... = —Q = (Pij), .-
Without loss of generality, it is assumed j < /, and then

det[P;;(0)]
P11 P1(j-1) P1(j+1) P1(1-1) 141 P1(1+1) Pin
= det[|[PG=D1 T PG=DG=D PG=DGHD) T PG=DG=1) PG=DE PG=D(s) T Py
PG+D)1 0 Pl (j-1) PG+l (+1) 0 PG+ (I-1) PG+ P@+1)(+1) 0 P(i#l)n
Pnl e Pn(j-1) Pn(j+1) e Pn(i-1) Pnl Pn(l+1) e Pnn
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pit o PiG-n PiG+1) T Pii-n —pyj Pi(+l)  *° P
Cdet[|PG-D1 T PG=DG=D PG=DGD) T PG=D0=1) TPG=1j Pa=1() T Pli=Dn
P@+1)1 0 P>i+1)(j=1) P>+ (G+1) "0 P@i+1)(-1)  TP@i+1l)j P@i+1)(+1) 0 P(i+)n
Pnl Tt Pn(j-1) Pn(j+1) Tt Pn(l-1) ~Pnj Pn(l+1) T Pnn

On the other hand, we have

det[P;(0)]
1401 o PIG-1) Pij P1(j+1) o PIQ-1) P1(I+1) R AT
—det[|PG-DL T PG=DG=1) PG=Dj PG=DGHD T PG=DU=1) PG=D@)  Pl=hn
PG+l)l o P(i+1)(j=1)  P(i+l)j  P(i+1)(G+1)  *°° P@+)(-1)  P@+1)(+1) “°°  P(i+D)n
Pnl T Pn(j-1) Pnj Pn(j+1) T Pn(1-1) Pn(1+1) T Pnn
P11 e PLG-1) P1(j+1) o PI(-1) —Pij P1(I+1) Pl
“det[[PG-D1 T PG=DG=D) PG=DGED) T Pa=DO=) PG PG=D(s) T Pl=Dn|y
P@+1)1r 0 P@i+1)(j-1)  P@+1)(G+1) 0 P(@i+1)(I-1)  TP(@i+1)j  P@+1)(+1) 0 P(i+D)n
Pni T Pn(j-1) Pn(j+1) T Pn(1-1) —Pnj Pn(1+1) ct Pnn
x (~1)U=D =7+l
=(=1)'/ det[P;(0)].
Thus, we have proved that det(P;; (0)) = —det(P;(0)) = --- = (=1)""!det(P;,(0)), for any i € S,
which implies that matrix P*(0) has the same row, that is, each column in matrix P*(0) consists in the

same value.
Furthermore, based on the result of inversion of partitioned matrix presented in Section 2, we have

[P(s)lww  [P(s)]wr

I1-0)7' = :
GO = p)lw  PO)pp

where [P(s)lww = [I — Giyp(5)Gry ()] Py (5), and

[P()]rw = Gy () [T = Gy (5)Groyy ()]~ Py ().

On the other hand, from Eq. (4.4), we have

, Wi,
! PEG e MR G)

[P(s)]ww = m

b}

Wis1 p(LIW) ' 21W| p(IW.[W))
(=W P gy (=AW LD )
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n—1

LIW[+1 W, |W|+1
| (_1)|W|+2P,(l,|1 ‘+)(S) (_1)2|W|+1P(| N |+)(S)

[P(s)]rw = m

) 1,|W|+|F . 'W,W F
(_1)|W|+|F\+1Pr(l_|1 [+ |>(s) (_1)2|W|+|F|Py<1|_1|| [+ I)(s)

Thus, we have

lim[s(sI - Q)] = P*(0), (4.5)
imis(sl = @)™'] = 5P (0)
with the same row, that is,
liﬂ)l[sTMS)]
‘ W) (W) (W) W) (W) (W)
O I
dy; d, d1|W\ dyj d, d1|W|
= aw . + af .
W)W W) W)W W)
dll d12 HWI/ W |x|W]| dll d12 HWI/|F|x|W|
w A\ w
= (1% et Zails ARV 1R et Dails o gl X e+ 3 ail)
ieW ieF ieW ieF ieW ieF
— (W) (W) (W)
- (d“ AW, d,lm),
(W) 4 PUO) L . s
where dl.j = (-1 %, i,j € S. Thus, we can have that lllr(l)l [sT(s)] does not depend on the initial
n- s
probability vector @¢ = (aw, aF).
Similarly, we have that liﬂ)i [sT2(s)] does not depend on B,. Thus, it completes the proof. 0
S

Theorem 4.1. Let {X(t),t > 0} be a finite-state time-homogenous Markov process with state space
S ={1,2,...,n}, and its transition rate matrix be Q. If S = WUF, WNF = ¢, and Rank(Q) =n -1,
then the steady-state availability tlim A(t), the steady-state interval availability tlim A([t,t + a)), the

steady-state transition probability between two subsets 1im pg,s,(t), and the steady-state probability
t—o0
staying in a given subset lim ps (1), given in matrix expressions by using aggregated stochastic process
t—o0

theory, are independent of the initial probability vectors ao and f3,, respectively.
Proof. Based on the results given in Lemma 4.3, it is clear to know that Theorem 4.1 holds. O

Note: For Theorem 4.1, it seems we can understand that the llim A(1), tlim A([t, t+a]), tlim ps,s, (1),
and tlim Ds, () are independent of the initial probability condition for aggregated Markov processes

when Rank(Q) = n — 1, namely there is at most one absorbing state for the underlying Markov process,
see Examples 5.1 and 5.2, for example. In fact, the limiting behaviors of a finite irreducible aggregated
Markov process are independent of the initial probability condition, so that it is also true under condition
Rank(Q) =n—1.
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Figure 1. The transition diagram for Example 5.1.

5. Numerical examples and discussion

In this section, some examples will be presented by using the direct computation way to illustrate the
independence of initial probability vectors for direct limits such as steady-state interval and point avail-
abilities, steady-state transition probability between two subsets, and steady-state probability staying in
a given subset, which have all been proved and expressed in Theorem 4.1.

Example 5.1. (Case that Rank(Q) = n — 1 and all states communicate.) Suppose that n =4, all states
in § = {1,2,3,4} communicate with each other, with W = {1,2,3}, F = {4} and

-6 1 4|1
1 =3 11
Q= 1 1 -4 2

The transition diagram of {X(¢), ¢ > 0} is shown in Figure 1.
We have Rank(Q) = 3, and

$+12524415435 1 4524355470 524165445

$3+1852+1065+200  s+4  $3+1852+1065+200 | s3+1852+1065+200
s°+125+35 1 (s+7) (s+10) 5°+135+45

—_0) ! =| $+182+1065s+200 3 $34185251065+200 | 53+1852+1065+200
sGI-Q)™ = x%+l3s+35 gr+145+59s+70 5+20s+45

3

3
s +13s +48s+45
53+1852+1065+200

2s +17s+35 (2x+7)<v+10)
$+1852+1065+200  s+4  $3+1852+1065+200

Taking the limit, we have

1
. -17 _
ltlf(l)[S(sI—Q) ]——40

which shows that the matrixes 11m[sT1 ] =35 1(7,10, 14) and hm[st ] =35 L(7,10, 14) possess the

same row; thus, the related steady—state indexes do not depend on the initial probability vector.
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Figure 2. The transition diagram for Example 5.2.

Example 5.2. (Case that Rank(Q) = n — 1 but not all states communicate with each other.) Suppose
that n =4, three states in S = {1, 2, 3, 4} communicate with each other, but state 4 does not communicate

with states 1, 2, and 3, with W = {1,2,3}, F = {4} and,

3 1 210

2 -5 3]0

Q= 3 1 -4 0
2 3| -6

The transition diagram of {X(¢),¢ > 0} is shown in Figure 2.
We have Rank(Q) = 3, and

52495417 1 25+13 0
524125436 5+6 524125436
223‘+17 % 235+13 0
-1 s7+12s5+36 S+ s2+125+36
s(sI-Q)” = 35417 1 S2+85+13 0
s2+125+36 5+6 s2+125436
5%+225+102 2(s+3) 35%+325+78 5

(s2+125436) (s+6)  (5+6)>  (s>+125+36) (s+6) | s+0

Taking the limit, we have

1
. 17 _
hffé[s(” -0)']= T

which shows that the matrixes lilr(r)l[sTl (9] = %(17, 6,13) and lilrgl[st(s)] = %(17, 6, 13) possess the
S S

same row; thus, the related steady-state indexes do not depend on the initial probability vector, although
all states do not communicate anymore.
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(b)

(a)

Figure 3. The transition diagram for Example 5.3.

Example 5.3. (Case that Rank(Q) = n — 2, some states communicate and some not.) Suppose that
n =6, the state space S = {1,2,3,4,5,6}, with W = {1,2,3},F = {4,5,6} and

2 2 ol o o o
1 =1 0l 0 0 0
1 2 8|1 1 3
Q= 2 3 1 ]/-10 3 1
0 0 0| 0 -2 2
0 0 0| 0 1 -1

Denote S = §; U S, U S;3 with §; = {1,2}, S, = {3,4}, S5 = {5,6}. The states in S; (i = 1,2,3)
communicate with each other, and S, — S§1, 81 - S and S, — S3, S35 - §, that is, some states
communicate each other, but some states do not. The transition diagram of {X(z),# > 0} is shown in

Figure 3.
We have Rank(Q) = 4, and

s+1 2 0 0 0 0
1 s+2 0 0 0 0
sGI— Q) = 1 Vi v Vi3 | Va4 Vs Ve |
S+3| var var vas | vas vas wae
0 0 0 0 s+1 2
0 0 0 0 1 s+2
where
by = s+ 155435 b = 252 +29s + 70 b = s(s+10)(s +3)
2+ 18s+79° : 2+ 18s+79° s2+18s+79 °
s(s+3) s>+ 175+ 44 352 + 395 + 88
BT 185179 T 2 18s+790 T 2185479
oy = 252 + 225 +43 . 352 + 365 + 86 b = s(s+3)
2+ 18s+79° 2+ 185+79° 2+ 185+79°
s(s+8)(s+3) 352 + 295 + 36 s>+ 195+ 72
T 21854790 P T2 8s+790 T 21185479
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Taking the limit, we have

1 2 00 0 O

1 2 010 0 O

1| 3 0 gl # 88

li I—-0) 1] =-|-20_19 79 79
AR E R

0 0 0j0 1 2

0 0 0)j0 1 2

which tells us that when Rank(Q) < n — 2, the situation becomes complicated, which is our future
research work.

In fact, from the knowledge of common finite irreducible Markov processes, we also have that the
initial conditions do not affect the steady-state measures, regardless of the rank of transition rate matrix.
Because, in general, for a finite state space of Markov process {X(¢),r > 0}, we have tli)rgo Py(1) =

1113)10 P{X(t) =j|X(0) =i} =njand Ill)rgo Pi(1) = tll)rg P{X(¢) = i} = m;, both do not depend on the initial
conditions of the underlying Markov process.

For aggregated Markov processes, if the steady-state measures are expressed by the Laplace trans-
forms, it is not easy to known this result holds or not in terms of these Laplace transform formulas. In
the previous contents, we prove it under the case of Rank(Q) = n — 1, while for the other cases that
Rank(Q) < n — 2, it is sure that the conclusion holds too, but it seems to be complicated to prove it.
Here a numerical example is presented for the case of Rank(Q) = n —2 in which the effects of the initial
probability vector on the steady-state measures can be studied more deeply.

Example 5.3 also seems to provide a way to generate a transition rate matrix with Rank(Q) = n —k,
k € {1,2,...,n— 1}, and gives some guidance to understand how the initial state probability vector
affects the steady-state measures. Because, for example, the steady state probabilities staying at subsets

. _ 35 43 : ~ a4 36 . .
S1 and S, are tlrgops] (1) = a1 +an + Faz + 754 and tanolop& (1) = F5a3 + 554 + a5 + ag. It is obvious

to know that the steady-state probabilities depend on the initial probability vector @ = (a1, @, . . ., @)
through a; + a; and a5 + g, respectively, instead of individual a1, a; and as, as.

6. Conclusion

In the paper, under the condition that Rank(Q) = n — 1, we directly prove that four limiting measures
expressed by the Laplace transforms derived by using aggregated Markov processes do not depend on
the initial state, which are well-known in common Markov processes. The condition Rank(Q) =n — 1,
which is more extensive than the case of time reversibility in ion channel modeling, includes the case
that all states communicate with each other. Our work implies that (1) four limiting measures do not
depend on the initial probability vector a(, which is a well-known result in Markov repairable systems
in terms of properties of Markov processes, but now this is a direct way to prove this result in aggregated
Markov processes; (2) this proof can bridge a gap between the common knowledge in Markov processes
and aggregated stochastic processes for the case of steady-state situation; (3) similar problems can be
discussed, which are via a direct way based on the results in aggregated stochastic processes; (4) the
initial probability vector @ appears in the formulas, but these limited results do not depend on this
initial vector, which is an extension of one-dimensional case in which the initial value may disappear
via the division of the same value in the formulas.

The possible future research work may include the study of similar problems under the cases of
aggregated Semi-Markov processes, of Rank(Q) < n — 2, and of time omission problems, and so on.
We believe that our work can solid the theory and applications of aggregated Markov processes on the
related limiting measures, especially in reliability field.
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