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Abstract. Many applications arise in manufacturing systems, and queueing network
problems involve Markov chains having slow and fast components. These components are
coupled through weak and strong interactions. The main goal of this work is to study as-
ymptotic properties for the probability distribution of the aforementioned Markov chains.
Explicit construction of series expansions, consisting of regular part and boundary layer
part or singular part, are developed by means of singular perturbation methods. The
regular part is obtained by solving algebraic-differential equations, and the singular part
is derived via solution of differential equations. One of the key points in the constructions
is to select appropriate initial conditions. This is done by taking into consideration the
regular part and the singular part together with their interactions. It is shown that the
singular part decays exponentially fast. Analysis of residue is carried out, and the error
bound for the remainder terms is ascertained.

1. Imtroduction. The preparation of this work was promoted by a wide range of
applications involving a singularly perturbed Markov chain consisting of slow and fast
motions with weak and strong interactions. Our main interest is to study the asymptotic
behavior of the underlying Markov chains. In a recent paper [6], the authors have proved
that the probability distribution of a class of singularly perturbed Markov chains with
rapidly fluctuating motion, admits an asymptotic series expansion. This paper is a
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substantial generalization of [6]. We address the issue of asymptotic properties when a
system is governed by a Markov chain that consists of both slow and fast processes. An
immediate question is: can we still develop an asymptotic series expansion? Our findings
indicate that the answer to the question above is affirmative.

To model Markov chains involving slow and fast motions with weak and strong inter-
actions, let € > 0 be a small parameter, and «°(t) be a Markov chain with generator

Q°(1) = 2 A1) + B(),

where A(t) and B(t) are N x N measurable matrix-valued functions, for all ¢ € (0,7
and some 0 < T < co. We assume that A(t) has the diagonal form

Al(t) BY(t) BY2(t) --- BYt)
A A2() ) and B(t) BQT(t) B?f(t) Bgf(t) ’
A B B - BU()
where A¥(t) € R™*™ for v = 1,2,...,l are themselves generators with Zf/:l n, =
N. Similarly, BY(t) for i,j = 1,...,l are blocks of submatrices that have comparable

dimensions. Since A¥(t) with v = 1,2,...,l, A(t) and B(t) are generators of Markov
chains,

ny N N
S AL =0fori=1,...,v, Y Ay(t)=0and » By(t)=0 fori=1,...,N.
Jj=t1 j=1

Jj=1

In what follows, we use the convention that for integers, superscripts denote the parti-
tioned submatrices and subscripts denote the components of a vector and/or entries of
a matrix or a submatrix.

The study of asymptotic properties of the underlying Markov chains is facilitated by
considering the following ordinary differential equation:

(0 =7 (0) (24 + B).
. 1)
y*(0) =y(0), %(0)>0,i=12...,N, > 3(0) =1

=1
Our main objective is to develop series expansions for the solution y°(-) with small £ > 0.
It is well known that (see [2] and [3]) the solution of {1) defines the probability distri-
bution of the Markov chain af(t) at time ¢ with initial distribution y*(0), i.e.,
(Pef(t) =1),..., P(a’(t) = N)) = y° (1)
with initial distribution (P(a®(0) =1),..., P(a®(0) = N)) = y°(0).

I

Since the differential equation is linear, (1) has a unique solution. Consequently,

N
0<y(H)<1 and » yi(t)=1. (2)
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In many problems arising in manufacturing systems, queueing networks, random fa-
tigue analysis, and system reliability, finite state Markov chains with singular perturba-
tion play an important role. To illustrate, consider the following problem. Suppose that
two unreliable machines are lined up in a cascade form. The machines are subject to
random breakdown and repair. However, the rates of breakdown for the two machines
are not identical. In fact, one machine breaks down more often than the other. One
way to formulate the problem is to assume the system capacity is a finite state Markov
chain af(t) having a generator (1/¢)A(t) + B(t), with A(t) and B(t) given above. In
order to design optimal controls for the manufacturing systems, the first and foremost
important task is to investigate the asymptotic properties of the Markov chain involved.
Heuristically, as € gets smaller and smaller, the Markov chain will approach its “average”
in an appropriate sense. Our results in this paper show that if A({) = A and B(t) = B
are constant matrices, y°(t) converges to the equilibrium distribution (see [2]) # such
that Zf;l m; = 1. In the more general cases, with time-dependent generators, 7 is re-
placed by 7#(t), a quasi-equilibrium distribution (to be defined in Sec. 2). In addition,
a full asymptotic development is obtained, which shades more light in studying many
properties of the Markov chains as well as related optimal control problems.

Notice that the formulation above is also frequently encountered in queueing network
problems. For instance, consider two service stations in cascade form such that the
service rate of one station is much faster than the other.

Using singular perturbation methods, we proved in [6] that when A(¢) has only one
block, i.e., for [ = 1, and B(t) = 0, y*(¢) has an asymptotic series expansion. Such
cages correspond to a Markov chain with rapidly varying motions. As was pointed out
in [6], although singular perturbation has been the focus of many researchers for years,
the existing results (see [1], [7], [9], [10] and the references therein) are not applicable to
the system we wish to study due to the singularity of the matrix A(t). (Note that 0 is an
eigenvalue for the generator with corresponding right eigenvector 1 = (1,1,...,1) € RV,
where / denotes the transpose.)

In the current paper, we treat more complicated situations in which the Markov chains
have both slow and fast components. The fast components are governed by each of the
blocks in A(t), and the slow components are governed mainly by the matrices B(t). The
slow and fast components are coupled through weak and strong interactions. The states
corresponding to A (t), v = 1,...,l, are not isolated or independent of each other. More
precisely, if we group the states corresponding to A*(¢) as S;, i = 1,2,...,l, then these
groups are coupled through the matrix B(t), and transitions from S; to S;, ¢ # j, are
possible.

Under close scrutiny, we establish in this paper that an asymptotic expansion can be
constructed. Explicit forms of the “coeflicients of ¢™’s” (functions of t) in the expansion
are given. Their desired properties are obtained. The analysis of residue or remainder
of the error terms is provided. Owing to the complexity of introducing diagonal blocks
in A(t), the derivation of the asymptotic expansion is much more involved than that of
[6]. In fact, the regular part of the expansion is obtained through solutions of algebraic-
differential equations. The solutions of these equations highly depends on a number of
“multipliers”, which represent the interactions among different blocks. The multipliers,
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in turn, depend on the general solution of the boundary layers. On the other hand, the
choice of the initial conditions for the boundary layer terms relies on the solution to the
regular part of the expansion. As a result, the selection of the initial conditions is a
rather subtle and delicate issue.

The rest of the paper is arranged as follows. Section 2 gives precise formulation of the
problem. We then begin the construction of the asymptotic series. The regular part of
the expansion is constructed in Sec. 3, and boundary layer corrections are dealt with in
Sec. 4. To establish the desired asymptotic properties, we need to make sure that the
singular part of the expansion decays sufficiently fast. This is treated in Sec. 5, which
exploits the key relation between the regular and singular parts. Among other things,
the initial conditions are chosen to ensure matched asymptotic expansions. In Sec. 6, we
analyze the remainder term in detail. The main results of the paper are summarized in
Sec. 7. In addition, an outline of the computation procedure is also presented. Finally,
we close the paper with an illustrative example.

2. Problem formulation. In this paper, we only consider finite state Markov chains.
The qualifier “finite state” will be dropped in the sequel.

We first recall some definitions of Markov chains. For each ¢t € [0,T], let a Markov
chain have a generator Q(t) € R™". The matrix Q(t) has the following form:

—qi(t)  Gi20t) - Que(P)
o) = 521'(t) ‘q?(t) fj‘zr.(t)
(71‘1 (t) 672(t) T _(ir(t)

where (L(t) = Zj;éi l‘].i]' (t)
As defined in [6], a vector y(¢) is said to be a quasi-equilibrium (or quasi-stationary)
distribution if it satisfies

yi(t) >0, _Zm(t) =1,
y(H)Q(t) = 0.

We say that a Markov chain generated by Q(¢) € R™*" is weakly irreducible if the
system

3)

y(1)Q(t) =0,
.
(4)
yi(t) =0
i=1
has a unique solution.

With a slight abuse of notation, if a Markov chain is irreducible, we also say the cor-
responding generator Q{t) is irreducible. Notice that as a consequence of the definition
above, if a chain is weakly irreducible, there exists a unique quasi-equilibrium distribu-
tion. In fact, this can be used as an alternative definition of weak irreducibility. The latter
emphasizes the probabilistic aspects of weak irreducibility, whereas the former stresses
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the algebraic structure. Observe that if Q(¢t) is weakly irreducible, rank Q(¢) = r — 1 and
there is a minor M (t) € R("=Dx{(r=1) guch that det M(t) # 0.

We remark that the notion of weak irreducibility, which was defined in [6], is different
from the usual definition of irreducibility (see [2] and [3]). To illustrate, consider the
stationary case. That is, Q(t) = (Q, a constant matrix. The usual notion of irreducibility
requires that the equilibrium distribution be strictly positive, i.e., 7; > 0,i=1,...,r,
whereas the irreducibility in the weak sense means that some of the 7;’s are allowed
to be zero. As for the time-varying case, for example Q(t) = (_#)(‘5;) :\:8) ), the usual
irreducibility requires that A(t) > 0 and p(¢) > 0 for all t. However, only A(¢) + () > 0
is needed in the weak formulation. This is particularly useful in studying failure-prone
manufacturing systems. For example, in a manufacturing model, u(+) may denote the
repairing rate of a machine. The case u(f) = 0 corresponds to, for example, breaks of
the repairing workers are allowed or a waiting period is needed to get the required parts.

To proceed, we make the following assumptions.

(A1) For each t € [0,T], A¥(t), v = 1,2,... ,l, are weakly irreducible.

(A2) For some n, A(+), B(-) € C"*2[0,T), i.e., they are n+2 continuously differentiable
in [0,7].

Notice that, in view of the definition of weak irreducibility, conditions (A1) and (A2)
imply that A¥(-), v = 1,2,... ] are uniformly weakly irreducible in [0,T], i.e., for each
t € [0,T7], there exists M"(t), a minor of A”(t) such that the determinant of M”(t) # 0.
In the sequel, superscripts with curly bracket denote indices of a sequence. Based on the
framework of singular perturbation methods, we seek solutions of (1) of the form

V() =5 (0 + E(t/e)
= (1) + ept(O) + 5P 1) + - )
+q0HE/e) + eq M t/e) + g (t/e) + -

We call p{i}(+), 4 =0,1,2,... the regular part of the expansion, and dl(),i=0,1,2,...
the boundary layer correction or the singular part of the expansion. It will be shown in the
sequel that p{®!(+) is nothing but the quasi-equilibrium distribution. As was mentioned
in the introduction, classical results in singular perturbation are not applicable due to
the highly degenerate nature of the matrix A(t).

Many applications in manufacturing systems and in production planning consist of
a Markov chain o (t) = (a°(t), B(t)) such that &°(-) is a fast-changing component and
B() is a slowly-varying one. Very often, the generators of the two components of the
Markov chain commute. See the example in Sec. 6 for a typical case. In this case,
the proof in the sequel can be much simplified. Our aim, however, is to obtain the
desired results without further restrictions (other than the weak irreducibility and the
smoothness conditions (A1) and (A2)) on the generators.

For each k =1,2,..., define

k k
Yi) =Y et e) + ) efqt(t/e) = pi(t) + di(t/e). (6)
1=0

1=0
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We show in this paper that Y?(¢) can be constructed such that

sup |y*(t) = Yii(t)] = O(e"™).
te(0,7)

The main difficulty lies on the interactions between different block matrices. In our
early paper [6], the functions pi*(.) for i = 1,... ,n, were constructed independently of
gl (+); the functions g%} () were constructed essentially independently of p{#} (+) except
for the initial conditions p{}(0). Now for the harder part; pt*!(-) and ¢!} (-) are highly
intertwined and tangled together. The trick of the methods in the sequel is to find pi}(+)
and g%} (.) jointly and recursively. In the process of construction, we bare in mind to
make gt} (-} decay sufficiently fast. One of the crucial and delicate points is to select the
“right” initial conditions.

For future use, define a differential operator £¢ on the space of R!*"-valued functions

by
d
Effzad—J;—f(A—l—sB). (7)
The formulation is completed. We are now in a position to derive the asymptotic expan-
sion.

3. Regular part in the asymptotic expansion. To construct the regular part
of the expansion, setting £5p°(t) = 0, and equating like powers of €%, i = 0,1,2,..., we
obtain (

plH(B)A[) =0
et plh ) = p M)A + !N (1) B(t)
et pthe) = pHH A + ! () B()

e plH(t) = p" ) A) + pUH () B()

In the case of absence of B(t) and without subdivision of A(t), i.e., A(t) consists of
only one block of weakly irreducible matrices, the problem was solved in [6] by computing
the solution of the first equation in (8) together with ZN . pl{o}( t) = 1, then substituting
the resulting p!®}(¢) into the second equation, together with Zlv P {1}( t) = 0, to obtain
pl1}(t) and so on. That is, all the p{*}(+), i =0,1,2,... are obtained by solving a set of
algebraic equations. However, in this paper the picture is quite different. To begin with,

note that the system
p{O}( HA(t) =0,

Zp{m

has infinitely many solutions due to the fact that rank A(t) < N —1if [ > 1. More
information is needed to determine pi®}(t) uniquely.
Since A¥(t), v = 1,2,...,l are weakly irreducible, rankA”(t) = n, — 1 for each
€10, 7] and v = 1,2,...,l. As a result, rankA(¢) = N — [ for each ¢. This indicates
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that in order to get a unique solution, we need to supply [ auxiliary equations. Where
can we find these equations? Loosely, the idea is to apply the Fredholm alternative, and
use the orthogonality condition to choose | additional equations to replace [ equations in
the system represented by the first equation in (8). Consider the conjugate equation

A(t)z(t) =0, =2(t) e RY.

It is easy to see that there exist [ linearly independent solutions zy (¢), ... , z/(t) such that

2(t) = (0,...,0,1,...,1,0...,0),
———— N——r

In view of (9), the Fredholm alternative implies that the second equation in (8) has a
solution if and only if

%) — p{® (£) B(¢t) is orthogonal to z,(t) (10)
for v =1,2,...,l. Thus we have the equations:

p“’}( t)A(t) = 0,

ZP{O}

(11)
Cp1tn, Cy—14n,
S - 3 0B =0, forv=1,2,...,1,
1=C,_1+1 i=¢,-1+1

where ¢,_1 =~ = 1 n;. The last equation in (11) is a direct consequence of {10).

To formalize what was mentioned above, we introduce some notation and conveniently
write the above equations in their equivalent forms as follows. Partition the vector p{®}(¢)
as (p1°h1(¢),...,piohi () such that pi®t*(t) € R'*™ . Corresponding to this partition,
the first equation in (8) can be written as

O (A (t) =0, v=1,...,L (12)

Since rank A¥ (t) = n, — 1, for each ¢ € [0, T], the null space of A”(t) is one dimensional.
Notice that > 1p1{0} (t) # 1 in general. However, .7 1pl{o}( t) =1. Let

Z {o}.v f{()} Y (t).

We establish the following:
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LemMA 3.1. Assume that the conditions (A1) and (A2) are satisfied. Then for each
v=1,...,l, the solution of

p{(]}.u(t)Au(t) =0,

o) = ) 1
i=1

can be uniquely expressed as p{"1*(t) = u*(t) f{01(t), where u”(-) € C™+2(0, T), with

n,

w8 >0, i=1,...,n,, > pi(t)=1,  p"(t)A"(t) =0.
i=1

REMARK. Although it is unique, f{°}*(.) needs to be determined later. Observe
that f19)¥(.) satisfies °._, fIO3¥(t) = 1. For v = 1,2,...,1, u"(t) are the quasi-
equilibrium distributions for the sub-chain generated by A”(t¢). Nevertheless, between
different block matrices, there are weak interactions. As a consequence, the individual
quasi-equilibrium distribution is no longer a quasi-equilibrium distribution for the entire
system. The interactions are embedded in the scalar-valued function f{°}¥(¢). Roughly,
the lemma states that the quasi-equilibrium distribution for the Markov chain generated
by A(t) is proportional to or a “multiple” of the quasi-equilibrium distributions of the
Markov chains generated by A”(t), for v = 1,...,l. The multiplier f{°}¥(t) reflects the
interactions for different sub-chains.

Proof. Since rankA"(t) = n, — 1, there are n,, — 1 linearly independent equations in
the system of equations in (13). For fixed ¢ € [0, 7], without loss of generality, suppose
the first n, — 1 equations are linearly independent. Replace the n,th equation by the
last equation in (13). The resulting coefficient matrix then has full rank. By virtue of
the weak irreducibility,

AL AL ()
Aft) = 0.
W=\ar, ) o 0|7
1 1
Owing to Cramer’s rule, for eachi=1,... |n,,
n 0 e AR (D)
) . ) ]
PO = 5 | A ® e e A ()
1 f{(’}"’(t) 1
——
ith column
Ay ) - 0 e AT ()
f{“}"’(t) ) /
= A(t) All.n,,—l(t) Aln,,.n,,—l(t) '
i 1 1

~

ith column
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Notice that

n - 0 e A1)
) ] S )
NG AL () - A )] = )
1 1 1
~~

ith column

is the unique solution of the system (13) with f{0b¥(¢) = 1, and it is C**2 smooth. The
lemma is thus concluded.
Our next task is to determine these f{°}*(.)’s. Define an N x [ matrix

1,

L,

where 1,, = (1,...,1) € R™. Then £5p°(t)1 = 0. Noticing A(t)1 = 0 and rewriting
PO (¢) as

#(t) .
PO () = (F19 1 2),..., 10 Le)) K . :
0

by equating the first power of ¢ in £55°(¢)1 = 0, we arrive at

SO, SO = (O @), SO,

. N (14)
(fOh0),..., fI0H0)) = (Zyi(o),... ) Z yi(0)> )
i=1 i=N—-n;+1
where
pl(t) ,
G(t) = () § B(#)1.
p(t)

Equation (14) is a linear system of differential equations. Solving this system yields that

] N
(FLO1L ey, .., O () = (Zyxox-.. Y yi<0>) X(t,0),
i=1 i=N—n;+1

where X(¢,7) is the principal matrix solution (see [5]} of (14). Since X(-,-) purely
depends on the properties of A(t) and B(t), (f{0b1(.),..., fFIOLI(.)) € C™*+2[0,T). Up
to now, we have shown that p{®}(-) can be constructed such that p{® () € C**2[0,T).
We summarize the discussion above as:
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PROPOSITION 3.2. Denote f{0}(¢) = (f{0h1(1),..., fFI1H(2)). For t € [0, T}, p!®(¢) can
be obtained uniquely by solving the system

PO (A1) = 0
ZP{O} = fl (),

15
<100 = O )60 )
N
with f{o} (Zyz NP Z yi(0)>
i=N-n;+1
such that p{®(.) € C"+2(0, T7.
Since pt%}(t) is obtained, the vector
bl t) = p'% (1) - p!"' (1) B()
becomes known. To proceed, consider the system of equations
p“}( t)A(t) = b1 (1),
Zp{l}
Partitioning the matrices yields
AL(t)
(P, ..., pM(©) = (101 (1), ..., 610 (e)) = b1} (¢).

Al(t)

Again, by virtue of the Fredholm alternative, the equation p{1}¥ () A¥(t) = b{0}¥(¢)
has a solution if and only if b{°}¥(¢) is orthogonal to z,(t). This condition is fulfilled
(see the last equation in (11)). To obtain the unique solution, we add the normalizing
condition 37, p{1h¥(¢) = FII1¥(¢). Notice that ¥ _, f111¥(t) = 0. Consequently, we
have the system of equations:

P A () = b1 (1), v=1,... 1

= w Y (16)
Sopttey = fv ).
=1
Then the solution can be written as
P (t) = b1 () + UM ()t (1), (17)

where FUNv($)ur(t) is a solution of the homogeneous equation pi'}*(t)A¥(t) = 0 and
b10h¥(¢) is a solution of the nonhomogeneous equation with the right-hand side of (16),
namely, b1}¥(¢) being orthogonal to z, .
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Similar to the previous development, we proceed to determine f {1}.¥(¢) by solving the
system of equations in L£°p°(t) 1=0.
Using >0 5% (1) = 0 and Sorel pE(t) =1, we have

1=1"1
P01 = (£ ), @)

and
P ®BOT = (F1 ), ..., FUH©)G®),
where G(t) is the same as before.
By equating the second power of & in L5 (¢) 1 = 0, we obtain a linear nonhomogeneous
equation

LU, PO = (O, T )G
+ 0O (), B )BT,

(18)

with initial conditions f{}*(0), for v = 1,2,... I such that ) _, f(1}.*(0) = 0.

The initial conditions f{1}¥(0) for v = 1,...,l, have not yet been specified. We do
this later to ensure the matched asymptotic expansion. Once the f{1}¥(0)’s are given,
the solution of the above equation is:

(1), ) = (FY0), . FURH0)) X (2, 0)
+ /t(l;{o}’l(‘r),... ,5{0}’1(7))B(T)]~1X(t,7')d‘r.
0

Therefore f{}(.), v = 1,... 1 are found, and so is p{}}(:). Moreover, pl!}(-) €
C™*10,T). In fact, p{!}(-) is obtained by solving a system of equations similar to (15),
except the initial conditions of f{1}(0) have not been given at this point.

Similar to 5{0}¥(.), define 5{}¥(-) and write

B () = (B (), B (1)),
Proceeding inductively, we obtain:

ProprosiTioN 3.3. Under the conditions (A1) and (A2), sequences of row vector-valued
functions p{*(+), and f1#(.) for i = 1,2,... ,n, can be obtained by solving the system
of algebraic-differential equations

{i}(t)A( t) =pt=1) - pt (1) B(1),
Z o = ), (19)

af“}(t) = UM+ N B@)1

such that pl*}(-) € C*+2-¢(0, T], provided the initial conditions f{}(0), fori =1,2,...,1
are given.

So far, with the proviso of specified initial conditions, the construction of the regular
part has been completed; the smoothness of p{}(+) has been established, and the section
is concluded.
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4. Construction of the singular part. The regular part alone gives a good ap-
proximation of (-} when ¢ is away from 0. Nevertheless, when t is sufficiently near 0,
this part no longer gives a reasonable approximation due to the apparent nonuniformity
related to the 1/¢ term in (1). What happens is that a boundary layer of thickness
is developed. To circumvent the difficulty, we enlarge the picture near 0 by defining a
stretched variable

t
[ 2
3_6, (20)

and considering a sequence of boundary layer correction terms. In what follows, we use
2(" to denote d”z/ds™, and # to denote dz/ds.
Substituting ¢°(s) into £¢ f = 0, and noting the change of variable (20),

L@ (s) +ea () 4 ) = (@ (5) +ea (5) o) (Afes) + eBes)).

By means of the Taylor expansion,
(1) (es)" (n)
A(es) +eB(es) = A(0) + esA*V(0) +--- + TA (0) +
+eB(0) +e2sBM(0) + - + %B(")(O) +

Using this expansion and equating coefficients of like powers of €¢, we obtain

01 1% (s) = ¢ (3)4(0)
£ () = () A0) + ¢ (5)(B(O) + A1 (0))

i g(i) (0) 3i+1A(i+1)(0)
n. +{n} _ qn {n—i— 1} s
eh: M (s) =g +Z¢ .1 ( T Gy )

Our next task is to solve these equations. The initial conditions are at our disposal. We
will choose them so that the expansion becomes a matched one. The discussion on the
choice of initial conditions for ¢'*}(-) is deferred until the next section. Suppose that
q194(0), ¢11(0),. .. , ¢i"*(0) are given. Then the solution is:

"% () = ¢!} (0) exp(A(0)s)
q'™ (s) = ¢'™}(0) exp(A(0)s)

i1 7 B®(0 ( ) Ti+1A(i+1)(0>
" ;/ d | ( i! + (i +1)! ) exp(A(0)(s — 7))dr.

We summarize this into the following proposition.
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PROPOSITION 4.1. Under the conditions (A1) and (A2), ¢1°}(.) is uniquely determined
by choosing ¢{°(0) = y(0) — p{®}(0). For each i = 1,2,... ,n, if ¢!*}(0) is chosen, a
sequence of boundary layer terms can be obtained by (22).

REMARK. Since f{}(0) have not been specified, neither have ¢ti}*(0). Our next
task is to select these initial conditions in a clever way so that ¢{*}(-) decay exponentially
fast. In addition,

n
> P 0) + ¢ 0)] = y(0).
i=0
That is, the asymptotic expansion is a matched one.

5. Exponential decay and choice of initial conditions. To ensure the boundary
layer terms act properly, we need to verify that when s is sufficiently large, ¢{*}(-) is
negligibly small. To be more precise, it is shown in the sequel that ¢i*} (+) for s < n, decay
exponentially. For each v = 1,...,(, denote the equilibrium distribution corresponding
to the generator A”(0) by i*. Define

,ﬂ/l ﬂnlﬁl

lal Hmpfl

In the rest of the paper, K denotes a generic positive constant. Its value may be different
at each appearance. Thus K + K = K and KK = K, etc.

PROPOSITION 5.1. Assume the conditions of Proposition 4.1 are fulfilled.
1. For¢=1,...,n, the initial conditions are selected as follows:
(a) Forv=1,2,... 1, find 377", qj{z}’u(()) from the equation

) 1—1 0o g o .
¢ O)r=- (3 | Tqt-1(r)drBU0) | 7. (23)
o I

(b) Choose f{."}*”(O) =— Z;‘;l qJ{i}(O), forv=1,...,1L
(c) Choose ¢!*(0) = —pti}(0).
2. There is a positive real number v = ,, such that

lg!™ (s)| < K exp(~s).

REMARK. By Proposition 5.1, the initial conditions for f{?}*(0) are specified. As
a consequence, pit} (+) are uniquely determined by Proposition 3.3. The solutions of
p{#(-) give specified initial conditions for ¢{*}(0). Thus, ¢!} (-) are uniquely determined
by Proposition 4.1. We emphasize that owing to the structure of the matrix =, only [
unknowns, namely Z?;l q]{-i}"’((]), for v =1,...,l, are involved in (23). In fact, for a
vector V € RN let V1 ..., V! denote a partition of the vector with V¥ € R'*™ for
v=12,...,1. We have

V=WV, 5. .., Vi, 5.
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Since
et 2 -V
Hy o e g,

rid

B R,
1 ng
ve=[> Vv |a . | VA
Jj=1 j=1

Proof. First notice that owing to the block-diagonal structure of A(0),

exp(A!(0)s) ,
exp(A<(0
o AD)s) p(42(0)s)

exp(AY(0)s)

For each v = 1,2,...,[, consider the transition probability matrix P"(s) corresponding
to the generator A¥(0). It satisfies the differential equation

P¥(s) = P"(s)A"(0),

PY(0) =T
The solution is P¥(s) = exp(A¥(0)s). By the well-known ergodic theorem (see [2], The-
orem I1.10.1), lim,_, .. P¥(s) exists. Clearly 0 is an eigenvalue of A¥(0). In view of the
weak irreducibility, the multiplicity of the eigenvalue AY = 0 is 1. Since the limit P"(s)
exists, the rest of the eigenvalues of A¥(0) must have negative real parts. By virtue of [2],
Theorem 11.12.8, P¥(s)—> 1, i, where as noted ¥ is a row vector and is precisely the
equilibrium distribution corresponding to the generator A¥(0). Consequently, for some

Y, >0,
|exp(A”(0)s) — 1,,a"| < K exp(—7,8).

The discussion above implies that
exp(A(0)s) — 7w as s — oc.
Since (y(0) — pi®(0))1 = 0, (y(0) — p'9}(0))7r = 0. It in turn yields

¢ (s) = ((0) — P!} (0))7 + ((0) — p'*}(0))(exp(A(0)s) — 7)
= (y(0) — p'* (0)) (exp(A(0)s) — ).

As a result,
!
g1 ()] < K 3 |(67(0) = 1" (0)) (exp (47 (0)s) — 1, 2")

!
<K Z exp(—7.$)

v=1

< Kexp(—7s),
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where % = min,, v,. In fact, we have shown that, for any vector v € RI*V,

[v (exp(A(0)s) — )| < K exp(~4s).

We continue our estimate for the next term, g{1}(s), and show it decays exponentially.
In this process, the crucial point is to choose the initial condition in a suitable way.
In view of (22),

g (s) = q'H(0) exp(A(0)s) + /O s ¢'% () exp(A(0)7) B(0) exp(A(0)(s — 7))dr
s (24)
+ /0 7¢1% (1) exp(A(0)7) A (0) exp(A(0) (s — 7))dr.

Recall that ¢{1}(0) has not been specified as yet.

Similar to [6], for each ¢t € [0,T], A(t)1 = 0. Differentiating the equation above with
respect to t, d*/dt'(A(t)1) = 0. Therefore, A®(0)r = 0 for i = 1,.... This together
with ¢{°}(r)7 = 0 yields that

/0 | ¢ (1) exp(A(0)7) AV (0) exp(A(0) (s — 7))dr

< [l @expA0)) - AV Olexp(A©)s - 1) - allar P

< Ks? exp(—7s).

To obtain the desired property, we need only work with the first two terms on the right
side of the equality sign of (24). Noticing the exponential decay property of ¢{%}(s),

[ 16 ) expa@)rjar < oo

J0O

i.e., the improper integral converges absolutely.
By virtue of the same argument as in the first paragraph of the proof of this lemma,

lim ¢!} (0) exp(A(0)s) = ¢!} (0),

lim ) !9 () exp(A(0)7) B(0) exp(A(0)(s — 7))dr

5—=0C 0

. (26)
= / q'% () exp(A(0)7)d7 B(0)
0
= ¢\,
where §{° € R*¥ is a constant vector.
By virtue of the structure of 7, partitioning the vector §{% as (g{°h1 ... gl°h4), for
v=1,...,l, we have
¢ O = @O 10, g (01, 1), (o)

g = (@ 1,0 L.



192 R. Z. KHASMINSKII, G. YIN, anp Q. ZHANG

A i,
L, "= i
py e i,

g1 (g (Z”:qmu ) 2
(28)

gOrrL, @ = Zq{ow

Note that

We thus have

Set
q{l}(O)w +¢%r =0 (29)

In view of (27) and (28), although there are N equations in (29), only [ of them are
unknowns, namely,
Zq{l} forv=1,...,L

This linear system is easily solved Choose
fithe Zq{l} (0) forv=1,...,L

Then (18) is uniquely solvable. Substituting the results into (17), we obtain p{1}(.).
Finally, choose ¢{1}(0) = —p{'}(0). The process of choosing initial conditions for p{}(-)
and ¢{1}(+) is completed.

Next, we have to verify that the first two terms on the right side of the equality sign
in (24) decay exponentially. To this end,

¢'1}(0) exp(A(0)s) + /0 ¢'%(7) exp(A(0)7) B(0) exp(A(0)(s — 7))d7

< 1g""(0) (exp(A(0)s) = m)| + ‘q{”(ﬂ)7r + /0oc ¢} (7) exp(A(0)7)dT B(0)m

* /0 |41 () exp(A(0) ) B(O)fexp(A(0) (s — 7)) — ]| dr
+/°° ¢ (7) exp(A(0)7)|d7| B(0)7|
< K<exp(—’~ys) + /Os exp(—77) exp(—7(s — 7))d7|B(0)| — %IB(O)M exp(_:ﬁ)!:c)

<K (exp<—as> + sexm—as)drlB(on)

< K(1+4 s)exp(—7s).
Combining the estimate above with (25), we arrive at
lgtM ()l < K(1+ s+ s%) exp(—7s) < K exp(-m3s),
where 0 < 1 < 7.
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Proceeding with the next term,
) (5) = g 0) exp(40)9)+ [ 4% (1)BO) explA(O)(s — 7))dr
+ /OS 'rq{O}(T)B(l)(O) exp(A(0)(s — 7))dr
+ /0 ) ¢ (1) AV (0) exp(A(0)(s — 7))dT
+ /Os T2q{0}(T)A(2)(O) exp(A(0)(s — 7))dr.

Similar to the previous case, choose
fi2hy( Z {Q}V forv=1,...,1

where 37, q]{2} (0) are the solutions of

2oy °° B (rydr °°T Y (1)dr BV m=0.
g <o>+(/0 d@arB©) + [ 7¢ (ar (o>) 0

Then p{2}(-) is uniquely determined. Next, choose ¢{2}(0) = —p{2}(0). Similar to the
estimate of ¢{1}(s),

lg{% (s)] < K exp(—7ys) for some 0 < 7y, < 7.
Suppose it has been shown that
4" ()] < K exp(—is), i<n

for some 0 < «; < #. Solve

n—1 o0 i
T . .
g™ (O)r = - <Z / 7q{"—l-”(r)dTB“>(0)) m
i=0 70
to obtain 37 1q]{"} (0). Set
finby( Z {n}v (0) forv=1,...,1L

Finally choose ¢{™}(0) = —p{"}(0). Exactly the same argument leads to
lg{"} (5)| < K exp(—7ns) for some 0 < 7, < 7.

Thus the proposition follows.



194 R. Z. KHASMINSKII, G. YIN, anp Q. ZHANG

6. Analysis of remainder. In the previous sections, regular and singular parts
of the approximating sequence are constructed, and their desired properties are proved.
The objective of this section is to carry out error analysis.

To assist us for subsequent study, we derive the following lemma.

LEMMA 6.1. Let u®(-) be the solution (on [0,7]) of the initial-value problem
LEut(t) = n°(t) with sup |n°(¢t)| = O(e**?) for i < n,

te[0,7T) (31)
w(0) = 0.

Then it satisfies
u®(t) = O(&") uniformly in ¢ € [0, T).
Proof. Using the notation Q¢(t) = e~ A(t) + B(t), the differential equation in (31)
can be written as e (t) ‘(1)
U _ & £ 77
7 = U B (t) + -
Denoting the principal matrix solution by ®¢(t,7), then

t
ut(t) = —/ n® (1)@ (t, 7)dr.
0
By virtue of (2}, ®*(t) is bounded on [0,T]. Hence
. t -
[us(t)| < e’/ |®°(¢, 7)|dT < Ke'.
0

With Lemma 6.1, we are now ready to derive:

PROPOSITION 6.2. For each i =0,1,2,..., define
el b (1) = y*(t) — (B () + G5 (t/e)). (32)

Then
sup_[e{™He(t)] = O("*H).
0<t<T

REMARK. In view of Lemma 6.1, it seems that the order in terms of ¢ for the solution
of (31) is lower than £u®. If we wish to get (32), a direct estimate seems to be rather
difficult. Thus we use the technique “back up one step” as in our work [6]. For notational
simplicity, in what follows, suppress the e-dependence in e{}:¢(.) and write it as e{*}(-)
instead.

Proof. For i = 0,1,2,...,n, it is easily seen that e{i}(O) = 0 by the initial-value
problem (1) and the initial data selected for p{*}(:) and ¢{*}(:). Since L£5y°(t) = 0, for
eachi=0,1,2,... ,n,

Loelih(ty = —£5) " elplih(e) — £ gl (t/e).
7=0

3=0
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First consider ef!}(.). Noticing that
p)A(t) =0 and pU(t) =pP()A®) + M () B(2),
and using (8) and (21), upon cancellation,

Leetl(t) = dp{di( ) +pl () A(t) + ep'® (1) B(t)

_ Ezw +epB ) A®) + 2p! (8)B(2)

— 1% (t/e) + ¢ (t/e) A(t) + ¢! (/) B(t)
—e¢{M(t/e) +eqtV (t/e)A(t) + 21 (t/e) B(Y)
= —e*pH () A() + g1 (t/€)[A(2) - (A(0) + tAM(0)) + e(B(t) — B(0))]
+eqt (t/e)(A(t) - A(0)) + *qM (/) B(t)
= 0(e?) + ¢\ (t/e)O(t? + et) + gt} (t/£)O(t) + O(e?)
= 0(e),
(33)
where ¢l (s) = £4{}(s). In the above, we have used the Taylor expansions for A(t)
and B(t) as well as Proposition 5.1, and noted that

1£2¢10 (¢/e)| < Ke2,  [tg!® (t/e)| < Ke, and |tgtt (t/e)] < Ke.
Applying Lemma 6.1, e{'}(t) = O(e). However,
eV (1) = el (t) — ept}(t) — gtV (t/e).

Since epi'H(t) + eq{tt(t/e) = O(e), el®(t) = O(e) as well. Moreover, the bound is
uniform in ¢ € [0, 7.
Likewise, similar estimates lead to

n+1 n+l1

n+1 n+1
(Ze plih(t) + Zs gl (t/e) ) (A(t) + eB(t))

=0

— —€n+2p{n+2}(t)A(t)
n n—i+1 n—s iR
+Zeiq{i}(t/e){|'14(t Z v A( X 0):|+€ EB(t)—ZtB;&}}
1=0 j= j=0 ’

=0
+e™ gt (t/e) (A(t) — A(0)) + "+2q{"+1}(t/5)3(t)~
(34)
Using the Taylor expansions for A{t) and B(t), we can show that the above expression
has an upper bound

O™ *?) + Z et t/e)O(t" 2 + etn ) 4 eIt /0)O (1) + O(e™H?)
i=0
= 0(e"*?) 4+ ¢ t/)O(t"+? + et 1) + ¢tV (/) Ot + et™)
+ eyt /)0 + €),
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which is further bounded by
K2 4+ ("2 4 et™tl 4 4 e e ) < Ke 2,
By virtue of Lemma 6.1, e{"*1} () = O(e"*!) uniformly in ¢ € [0, T]. However,

e{n-H}(t) — e{n} (t) _ 2,_:n+1p{n+l}(t) _ €n+1q{n+l}(t/€)
= el™ (t) + O(¢™*!) uniformly in t € [0, T].

Therefore, e{™} (t) = O(¢"*!) uniformly in ¢ € [0,7] as desired.

7. Summary of results and procedures. This section consists of two parts.
First, the main results of this paper are summarized in Theorem 7.1. Then the second
subsection gives an outline of the asymptotic expansion procedure.

7.1. Summary of results. The main results are given below.

THEOREM 7.1. Suppose the conditions (Al) and {A2) are satisfied. To approximate the
solution y°(+) of (1), an asymptotic series expansion

Yi() =D (e'p ) + gt (¢/e))

1=0

can be constructed in the following way: Foreachi =20, 1, ..., n,

1. p{®}(.) is obtained uniquely from Proposition 3.2, and ¢{°}(-) is obtained from Propo-
sition 4.1 with the initial condition ¢{®}(0) = y(0) — p{®}(0).

2. With temporarily unspecified initial data f{7}¥(0), p{#(.) are obtained from Propo-
sition 3.3.

3. With temporarily unspecified initial data ¢!*}(0), ¢{*}(+) are obtained from (22).

4. Use Eq. (23) to determine )7~ q]{.i}’"((]).

5. For i =1,...,n, f{i(0) are selected so that

7)== g 0),
j=1

This together with 2 above uniquely determines pi*}(.).
. Choose ¢{(0) = —p!¥}(0). This together with 3 above uniquely determines ¢!} (-).
p{i}(') € C"+2_i[0,T].
l¢t* (t)| € K exp(—~t) for some v > 0.
ye(t) — YE(t) = O(e™*!) uniformly in ¢ € [0, 7).
REMARK. If B(t) is a block diagonal matrix compatible with A(¢), i.e., it has the
same kind of partition B¥(t) with the same dimension as that of A”(¢), then the results
of Theorem 7.1 can be obtained as in [6].

© N>

We point out once more that (23) contains only [ unknowns Z?;l q]{-i} (0). Thus using

this equation, we do not determine all q]{i}(O), for j =1,..., N, but only the sum of the
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components corresponding to each block partition. This is easily seen by noticing the
structure of the matrices 1, ” and the structure of g}z and ¢{?}(0)x. In fact, denote

4t _2/ q{z =1} (7)dr B9 (0).

Since _ _

G

]lnuﬁl’: ,

B

forv=1,...,l, we have
¢ 0)r = (¢ 1(0) 1o, 2, L glHH(0) 1 )
_ Zq{}l Z h gy | at

and

¢ = (@ 1, gt )
S 00 gt
B 7 At A
= qu Z
Jj=1

7.2. The computation procedure. Since the construction of pi*}(+) and ¢{}(-) is rather
involved, and the choice of initial conditions is very tricky, we summarize the proce-
dure below. This procedure can certainly be used as a user’s guide for developing the
asymptotic expansion. The procedure is divided into two main stages.

Step 1: Initialization—finding p!% (-) and ¢{°(-).

1. Obtain the unique solution p{%}(.) via (15).

2. Obtain the unique solution ¢{°% (+) via (22) and the initial condition ¢{°}(0) = y(0) —
p1%(0).

Step 2. Iteration—finding pi*} () and ¢{*} () for i < n.

While ¢ < n, do the following:

1. Find p{*}(-), the solution of (19) with temporarily unspecified f{1}*(0) forv =1,... 1.
2. Obtain ¢ft(.) from (22) with temporarily unspecified ¢{#} (0).
3. Use the equation

4H0) Z/ ¢~ Y(1)drBI(0) | =

to determine ) 7~ 1qj{ v “(0).

Set, flitv(0) = - Z?"l qj{l “(0). Up to now, pti}(+) are determined uniquely.
Choose g1} (0) = —p{¥}(0). By now, ¢{¥}(-) have also been determined uniquely.
Set i =7+ 1.

If ¢ > n, stop.

oo e
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8. An example. Let us consider a failure-prone manufacturing system that con-
sists of a two-machine flowshop. Each of the two machines has two states up, de-
noted by 1, and down, denoted by 0. Then, the system has four states, represented
by {(1,1),(0,1),(1,0),(0,0)}. Consider further that the state of the first machine is
changing more frequently than the second one. Moreover, these two machines are proba-
bilistic independent. One way of modeling the scenario is to formulate the state process
(see, for example, [8] and the references therein) as a Markov chain with generator

A AD)0 0 M@ 0 a0
oo 1 A —aw o o 0 a0 M)
FO=21"0 0 am a || me o —me o
0 0 at)  —p(t) 0 fa(t) 0 —fi1(t)

In this model, the breakdown rate and repair rate for the first machine (or the second
machine) are A(t)/e and fi(t)/e (or A;(t) and f1;(¢)), respectively. The probability of the
state process is given by the y®(t) that satisfies

dy°(t)
dt

4
y°(0) = y(0) = (¥1(0),42(0),¥5(0),y4(0)), such that y;(0) > 0 and Y 3(0) =1.
=1

=y (1)Q° (1),

To solve this set of equations, note that

2 wio + 950 = 2250 + 500 + P s + i),
L w50+ 930 = D050+ 5 0) - P w500 + 00,
S WE) +UE(0) = ~M (OO + ¥5(0) + A (OO + 1 (0),
L0E(0 + () = MO EEO + 15(0) — (W50 +15(0).

To proceed, let

osa(t) = 0 (0) + 3O exp (-1 [+ i)

n /Ot @ exp (—é /Ot(x(r) + ﬂ(T))dT) du,

a2a(t) = (52(0) + ya(0)) exp (—1 /0 AT + ﬁ(T))dT>

£

+ /OL @ exp (—% /()t(/\(T) + ﬂ(T))dT) du,

ara(t) = (41(0) + y2(0)) exp (— [+ mr))dr)

0

+f i () exp (— / )+ mm)df) du,

0
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t
aua>=<ya0>+yuo»exp(—l/(Amry+ﬁmr»dr)
0
t t
+/ A1(u)exp (—/ (A1 (7) +[1.1(7'))d7'> du.
0 0

Then
yi(t) +y3(t) = aws(?),
¥5(t) + ya(t) = a2a(t),
vi(t) +y5(t) = a12(?),
y5(t) + yi(t) = asa(t).

Note also that

G0 =- (" + 2 0+ i) s + 2O

Thus,
yi(t) = y1(0) exp (— /Ot (M + A1 (7) ﬂ(T)) dT>

N
+ /0 t (@au(u) + ﬁl(u)alg(u)> exp (— /0 t (M () + ﬁl(r)) dT> du.

3
Consequently,
y2(t) = a12(t) — ¥i(t),
y3(t) = ai3(t) — ¥5(0),
ya(t) = a2a(t) — ¥5(0).

In this example,
plO(t) = (P11 () 1011 (), p1H2 () F1O12 (1)),

) At) )
A(E) M) + Alt)

where

P01 (¢) = plOh2(y) = (}\(t)~J(rt

and
d =Ai(t) (1)
L ORIy, £1Oh2(4)) = (FLOM1(p), M2y < AL 1
FUE O, 7920) = (1w, £y () )
with initial value (f{°:1(0), £19:2(0)) = (y1(0) + y2(0), y3(0) + y4(0)).
q'0}(s) is given by
1% (s) = ¢ (5)A40),  ¢'V(0) = y°(0) — p1}(0).
By virtue of Theorem 7.1,
v (t) —p! (1) — ¢ (&) = O(e),
provided that Q*(t) € C2[0,T]. Noticing the exponential decay of ¢{°}(t), we have
v (1) = 1% (1) + O(e + €77Y/*).
This implies, in particular, that for any ¢ > 0,
lim () = p'®) (2).

Namely, p{®}(¢) is the “average” distribution of the Markov chain generated by Q¢ (t).
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