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Abstract

We are concerned with a queue with a finite buffer and arrival and service pro-
cesses that are generated by a continuous time Markov chain with finitely many
states. This model includes a many server queue, and is described by a truncated
QBD, where QBD stands for a quasi-birth-and-death process. It is shown that the
loss probability of this queue geometrically decays with a constant prefactor as the
buffer size goes to infinity if the corresponding queue with an unlimited buffer is
stable. For this, we firstly consider asymptotic behaviors of the truncated QBD. We
then specialize this result for a many server queue with a finite buffer and Markovian
arrival and service processes.

1. Introduction

Loss probabilities are important for performance evaluations of queueing systems with
finite buffers, where buffers only accommodate waiting customers. In principle, the loss
probabilities can be computed numerically since the state spaces are essentially finite, but
closed form formulas are hard to get for them except for special cases such as M/M/c/ K +c
and M/PH/1/K + 1 queues, where K’s are buffer sizes. So, heuristic approximations
have been proposed for them (e.g., see [5, 13, 17]). However, the loss probabilities become
very small for the case of large buffers, so it is interesting to see their exact asymptotic
behaviors. There are some studies in this direction. In particular, Baiocchi [4] showed
that the loss probability geometrically decays with a constant prefactor in the M ArP/G /1
queue under a light-tail condition on the service time distribution, where M Ar P stands
for a Markovian arrival process, and will be explained below. More specific results are

obtained for the M/G/1/K + 1 and GI/M/1/K + 1 queues in [3] (see also [6]).

In this paper, we study this asymptotics of the loss probability from a different per-
spective. We assume that the queue has a single buffer of finite size, but do not assume a
single server. Service discipline is not essential as long as certain requirements are satis-
fied, but we suppose First-Come First-Served in mind. It is noticed that the single server
assumption plays crucial roles in the existence results cited above (see [3, 4, 6]). There
are two reasons for this. First, it allows to describe the models by embedded Markov
chains at arrival or departure instants, which simplifies the state spaces. Secondly, the



loss probabilities are easily computed from the stationary probabilities that the systems
are empty. We can not use these properties for many server queues in general.

So far, we attack the asymptotic problem, using a different approach and assuming
slightly simpler assumptions on arrivals and services. Namely, we assume that arrival
times of customers and their service completion times are driven by a continuous time
Markov chain with finitely many background states. In the queueing literature, this class
of arrival processes are called Markovian arrival processes, and MAP has been used for
short in the literature. In this paper, we refer to it as MArP to distinguish from a
Markov additive process, which plays key roles in this paper. The corresponding process
for services is referred to as a Markovian service process, MSP for short. Under this
situation, we can describe the finite queue by a truncated quasi-birth-and-death process,
a truncated QBD for short. So, we first consider asymptotic behaviors of the stationary
probabilities at the truncated level in a truncated QBD as the truncated level goes to
infinity. This may have an independent interest.

Our major tools are occupation measures before hitting given sets of states for the
continuous time Markov additive process that generates the truncated QBD. These mea-
sures are relatively easy to handle for studying the asymptotic behaviors since they are
monotone as the hitting states going away. It is already known that the stationary dis-
tribution of the truncated QBD can be obtained in terms of the occupation measures.
Using this result, we show that the stationary probabilities at the truncated level geo-
metrically decay with constant prefactors, provided that the corresponding QBD, whose
level is unlimited, is stable, that is, it has the stationary distribution. Some remarks are
also given for the unstable case. We then apply this result to a ¢ server queue with a
buffer of size K, Markovian arrival and Markovian service processes, which is denoted
by MArP/MSP/c/K + c. In this way, we generalize Theorem 1 of [4] for many server
queues.

The remainder of this paper is composed of four sections. In Section 2, we introduce
a Markov additive process with finitely many background states and the QBD generated
by this additive process. We also prepare some asymptotic results for them. In Section 3,
we truncate the QBD, and obtain its asymptotics as the truncation level goes to infinite.
In Section 4, we consider the loss probability for M ArP/MSP/c/K + ¢, and obtain its
exact asymptotics as the buffer size becomes large. In Section 5, we give some remarks
on possible extensions of the present results.

2. Markov additive and QBD processes

We first give our vector and matrix notation since they are frequently used. For vector «,
its i-the entry is denoted by (7). Similarly, A(4,7) denotes the ij-th entry of a matrix A.
All inequalities of vectors and matrices are component wise. For example, > 0 means
that x(7) > 0 for every entry 7. A row vector @ is called a probability vector or distribution
if it is nonnegative and &1 < 1, where 1 is the column vector of an appropriate size whose
entries are all units. A nonnegative matrix A is called a transition probability matrix if
Al < 1. If this inequality is strict for some entries, then A is called defective. A square
matrix A is called a transition rate matrix if A1 < 0 and all off-diagonal entries of A are



nonnegative. If the inequality A1 < 0 is strict in some entries, then A is called defective.

Let NV be the set of all integers and let Sg be a finite set. We define a continuous time
process {(X(t), B(t))}+>0 with state space N x Sp in the following way. Assume that
B(t) is a continuous time Markov chain. We decompose the transition rate matrix of this
Markov chain into three Sp x S matrices, ()_1, Qo and )1 in such a way that (), and ()
are nonnegative and @)y is a defective transition rate matrix. Thus, B(t) has the transition
rate matrix Q)1 + Qo + Q1. Throughout the paper, it is assumed that Q)1 + Q¢ + @1 is
non-defective and irreducible. The integer valued process X (t) increases by i when B(t)
changes according to Q;, respectively, for ¢ = 0,41. The process (X (t), B(t)) is said to
be a Markov additive process. A definition for a general Markov additive process can
be found in [7], but descriptions there are too abstract for our arguments. Note that
(X(t), B(t)) is also a Markov chain. In this paper, we refer to X (¢) and B(t) as level and
background processes, respectively.

We next introduce matrices for occupation measures for the Markov additive process
(X (t), B(t)). For AC N, let 75 = inf{t > 0; X(t) ¢ A}. Define matrix N} as

c

TA
N.3) = Ewo | [ 1000 = B0 =)t ke a

for i,j € Sp, where E ;) stands for the conditional expectation given that X (0) =
k,B(0) = i, and I(-) is the indicator function of statement “.”. For given starting state
(k,i), {N{(i,7);¢ > 1,5 € Sg} is known as an occupation measure before hitting A¢ =
N\ A (e.g., see [1]). Let

0,4) ={neN;n > 1}, (—,m)={neN;n<m-—1},
0,m)={neN;1<n<m-—1}.

We will use these sets for the A. Let
R=QN{P.

It is well known that the matrix R is obtained as the minimal nonnegative solution for
the matrix equation:

Q1 + RQy + R*Q_, = O. (2.1)

Let X(t) = —X(t), then (X(t), B(t)) is again a Markov additive process. Note that
the level X (t) increases by 4, (i = 0,41) when B(t) changes according to Q; = Q_;. This
Markov additive process is referred to as a direction reversed process. For this additive
process, we define matrices N, ég’ﬂ Né;’m) and N ég’m), k.0 € N and R similar to those for
(X(t), B(t)). Obviously, we can see that

(07"") _ \ (_7m) (Ovm) _ \J (Ovm)
Nee™ " = NowZiy im0y Nt = Nty m—o)-

Note that R is obtained as the minimal nonnegative solution for the matrix equation:

R2Q, + RQy+Q_, = O. (2.2)



Let v be a stationary probability vector for Q_; + Q¢ + Q1. Note that v is uniquely
exists since Q_1 + Qo + @)1 is finite, irreducible and aperiodic. In this paper, we assume
that

B=vQ1l—-vQ_11<0, (2.3)

unless stated otherwise. This condition represents that the mean drift of X (¢) under
the stationary distribution v is negative, which implies that X () goes to —oo w.p.1 as
t — oo. We later put a reflecting boundary at the origin for the level process to be
nonnegative, then (2.3) is necessary and sufficient for the reflected process to have the
stationary distribution. In this case, (2.3) becomes a stability condition.

We now give some useful results for asymptotics of the occupation measures. As is
well known, we have

0,4+ 0, 0,4+
Nt = N1((7:—)1)Q1N1(1 :

im

by conditioning the last time when X (¢) leaves level m — 1, so

N(O’+) _ Nl(g)r&-)Rmfl. (24>

Im

For example, see Theorem 6.2.7 of [11], in which (2.4) is obtained for the discrete time
case. In what follows, we use the following assumption.

(i) The transition kernel {Q; ¢ = 0, %1} is l-arithmetic. That is, the greatest common
divisor of the increments of the level process when the background process returns

to the starting state is one. Precisely, n # 0 is such an increment for starting state
i€ Spif P(X(t)— X(0)=n,B(t) =1i) >0 for some t > 0. See [14] for a discrete
time version of this definition.

This condition is naturally satisfied in queueing applications. From (2.4), asymptotic
behaviors of Nl(gf) can be seen from those of R™. The following proposition is a special
case of Theorem 4.1 of [14], which answers to the latter behaviors.

Proposition 2.1 Assume that Markov additive process (X (t), B(t)) generated by Q_1, Qo
and @ is l-arithmetic. If 5 < 0, then there exist positive vectors p, g and n € (0, 1) such
that

P (Q1+1Q0+7°Q-1) =0, (2.5)
(Q1 +1Qo +1n*Q-1) g =0. (2.6)

Then, the n is a Perron-Frobenius eigenvalue of R, and p, r are the corresponding eigen-
vectors, where the vector r is given by

r=—(Qo+ (0l + R)Q-1)gq. (2.7)
Hence, if assumption (i) holds, we have

1
lim n”™R™ = —rp. (2.8)
m— o0 p’r‘



Remark 2.1 Note that (2.1) is equivalent to

2Q 1+ Qo+ 2'Qr =1 - 2'R)(Qo + (2] + R)Q_,), z # 0. (2.9)

From this and (2.6), we can see that r of (2.7) is the right eigenvector of R for eigenvalue
7. Since 7 is the Perron-Frobenius eigenvalue of R, 7 must be nonnegative. (2.9) can be
considered as a continuous time version of the Wiener-Hopf factorization for a discrete
time Markov additive process with integer-valued level and finitely many background
states (see, e.g., [1, 14]). O

We next put a reflection boundary at the origin for (X (¢), B(t)) in such a way that
X (t) > 0 and the transitions of B(t) are changed only when X(¢) jumps into 0, stays
at 0 or jumps out of 0. We denote this reflected process by (Y (t), J(t)), where level 0
has a background space Sy, which may be different from Sg. It is assumed that process
(Y (), J(t)) is a continuous time Markov chain with state space S = {0} x SoUN, x Sp,
where N, = {1,2,...}, and its transition rate matrix is given by the block matrix:

Q, @
Q, Q @
Q=

Q-1 Qo G :

where Qo’ Ql and Q_l are Sp X Sy, Sp X Sp and Sy x Sy matrices, respectively. In the
literature, (Y'(t), B(t)) is referred to as a quasi-birth-and-death process, QBD process for
short. In the QBD process, the state of Y'(¢) is called a level. Throughout the paper, we

assume that @) is irreducible. To exclude a trivial case, we also assume that () 1 # 0.

Note that, for k., ¢ > 1,
(0.4) , . O
E IY(t)=1¢(,J(t)=j4)dt|Y(0) =k, J(0)=i| = N.;"(i,j), 1i,Jj€ Sa,
0

since (X (t), B(t)) is identical with (Y(¢), J(¢)) under the condition that X (¢),Y (t) > 1.
We here read 7, ,) = inf{t > 0;Y(¢) < 0} instead of 7 ) = inf{t > 0; X(¢) < 0}. This
is abuse of the notation, but it simplifies notation. So, we use this kind of notation as
long as there can be no confusion. It is well known that the stationary distribution of the
QBD is obtained using R and therefore the occupation measures. This result is called a

matrix geometric solution, and given by the following proposition (e.g., see Theorem 6.4.1
of [11]).

Proposition 2.2 If § < 0, then the QBD process (Y (t), J(t)) has a stationary distribu-
tion 7 = (my; ¢ > 0), which is determined by

w0(Q, + Qle?’HQ_l) =0, (2.10)
™= mQ Niy ", (2.11)
me=mR™, (>2. (2.12)



To compare the loss probability with the tail of stationary distribution, we note the
following result, which is immediate from (2.8) and (2.12) (see also Theorem 4.1 of [14]).

Corollary 2.1 Under assumption (i) in addition to the assumptions of Proposition 2.2,
we have
r
lim 57", = 1 p. (2.13)
n—00 npr

3. A truncated QBD process

We next truncate the QBD process (Y (), J(t)) so that Y (¢) < m, where m is a positive
integer. We modify the transition rates of phase process J(t) when Y (¢) changes from m to
m—1 or stays at m. Then, we have a new continuous time Markov chain (Y (™ (t), J(™(t))
with finite state space N, x Sg, where N, = {0, 1,...,m}. Tt is assumed that the process
(Y (t), J™(¢)) has following level partitioned transition rate matrix:

Q, Q
Q, Qo G
Q-1 Qo O
Q" = :
Q-1 Qo
Q—l _CQO Ql
Qo Q

where Q_, and @, are Sp x Sp matrices. The process (Y ™(t), J(™(t)) is referred to as
a truncated quasi-birth-and-death process, a truncated QBD process for short.

Remark 3.1 The set of the background states at level m is identical with those of the
other level except for level 0, and the transition matrix from level m — 1 to m are not
modified. These are different from the modification at level 0. These modifications do
not cause any problem in our queueing applications in Section 4, while it much simplifies
our arguments. |

~ Using the last row block of Q™. we can define a direction reversed QBD process
(Y(t),J(t)) from the Markov additive process (X (t), B(t)) in a similar way to define

~

(Y'(t), J(t)). Namely, this Markov chain (Y (t),.J(t)) is assumed to have the following
transition rate matrix:

@O @—1
Q1 Qo Q-

O= & Q Q.

Similarly to (), we assume that transition rate matrix Q is irreducible throughout the
paper.



Note that Q™ has (m + 1) blocks in each row and column. We assume that QU™ is
irreducible and aperiodic, then Q™ has a stationary probability vector ("™ = (ng); 0<
¢ < m), where ﬂ'ém) is subvector at level £. Similarly to the case of the QBD, we have,

for 1 <k, {<m-—1andi,jeSg,
E U Iy () = ¢, 70 (1) —j)dt‘Y(m)(O) — k, J™(0) = 21
0
T(0,m)
= B | [1000) = £.30) = )
0

om), . -
= N/.Eg )(27.])7

since (Y(™)(¢), J0™(t)) is stochastically identical with (X (t), B(t)) when they take values
in the set (0,m) x Sg. The following result is due to Hajek [8], which shows that the
stationary distribution 7™ is obtained through N,gg’m)

its proof is given in Appendix A.

. For convenience of the reader,

Proposition 3.1 The stationary distribution (™ = (wgm); 0 < ¢ <'m) for the truncated
QBD process with transition rate matrix Q™ is given by

" = m"Q N + aQ NI, (1< 0<m—1), (3.1)

(m

where 7 andﬂ' ™)

~, are determined by

e (Q +Q Nf‘l)vm@ ) n vaT)@—lN((m)lQ_l -y (32)
QNG @+ (QU +Q- 1N((7?1T1))(m—1)Q1) =0, (3.3)

It should be noticed that this proposition does not need any drift condition. Our
major concern in this section is with an asymptotic behavior of 7™ as m — oo under
the drift condition (2.3). This is answered by the following theorem.

Theorem 3.1 If g < 0, i.e., the negative drift condition (2.3) holds and if assumption
(1) is satisfied, then we have

: -m,__(m ™r - B 77 \—
lim 7~"wl™ = ——p(n~'T — R)Q1(~Ug) ", (3.4)

m—00 npr

where 7, p and r are determined by Proposition 2.1, and 7, and Uy are given by (2.11)
and

Uoo = Qp +Q_1(—Qo — RQ1) "' Q1.
Furthermore, the right-hand side of (3.4) is positive.
Remark 3.2 The decay rate n of i) agrees with the one of 7, of the corresponding

queue with an unlimited buffer. This is intuitively expected, and we are more interested
in the prefactor of the geometric decay. O



Remark 3.3 It may look that R does not appear in (3.4). However, we generally need
R to compute 77, while pr can be computed from (2.7) as

pr = —p(Qo +2nQ-1)q,
where p and g can be computed directly from (2.5) and (2.6). a
Remark 3.4 Let G = Nl((l)’HQ,l and G = Nl(?’ﬂ@l. These represents the hitting prob-
abilities at the one lower levels of Markov additive process (X (t), B(t)) and its direction

reversed process (X (t), B(t)). So, G is a defective transition probability matrix by the
drift condition (2.3). The following identities are immediate from the definitions.

RQ_1 =G, RQi=Q.G. (3.5)

From the latter equation, it is easy to see that R can be used instead of G in computation
of (3.4). We shall see that such a replacement is useful. As is well known, we have

N = (=Qo — RQ) ™ (3.6)
For example, see Proposition 6.4.2 of [11]. From this, we have
Ugo = Qo+ Q1 Niy Q1 = @y + Q,G.

Hence, Uy is a defective transition rate matrix, and it is indeed invertible. This is also
intuitively clear since Uy is the transition rate for a censored process at level 0 of the
direction reversed QBD (Y'(¢),.J(t)). The latter is unstable, so the censored process is
defective. O

Remark 3.5 Since (3.4) is new, the reader might wonder whether it is compatible with
the existence results. Obviously, it is compatible with the corresponding result for the
M/M/1/m queue. We shall consider further compatibility in Remark 3.7. O

To prove this theorem, we give two lemmas, which may have independent interests.

Lemma 3.1 Under the assumptions of Theorem 3.1, we have

lim NO™ = N0, (3.7)
TrlLL)II})o N((??;Ti)(mfl) = (—Qo — RQl)_la (3.8)
lim "Ny Q1 = L]\71((1J’+)"'13(—(]0(J), (3.9)
m—00 l(m—l) np/r.

where

Uso = Qo + QNIPQ_ + QN9 Q.

Furthermore, the right-hand side of (3.9) is a non-zero matrix, Ugy = Q, + @_1Nf?’+)Q1

- . 1 . o
is invertible, and —U, is positive.



PROOF. (3.7) is a direct consequence of the monotone convergence theorem. We next

prove (3.8). Since N((Slmf)(m ) = VO™ we have
(0,m) v (0,+)
L Nm-1m-1) = Vi1

by the monotone convergence theorem. Hence, from (3.6), we get (3.8).

We next prove (3.9). By conditioning on the first visit of (X (¢), B(t)) to level m before
hitting level 0, we have

Tl QUN), (3.10)

Since this equation is a key in our arguments, we also give its formal proof in Appendix
B. Combining this with (2.4), we have

NP Rt = NO™ QNG

1(m-1)

0,m 7 (—,m
- Nl((mjl)QlNéO g
Hence, Proposition 2.1 and the monotone convergence of Nég ™ to Noo yield

1
hmoon le(m 1) QlNOO = TITN( ) P, (311)

where

Note that

Upw = Qo+ QG+ Q—lé,

and Uy is the transition rate matrix of (X (t), B(t)) censoring at level 0. Furthermore, it
is invertible since G is defective as mentioned in Remark 3.4. So, we have

Noo = (—Uoo)_1

This and (3.11) conclude (3.9). Assume that the right-hand side of (3.9) is the null matrix.
Since Uyg is invertible, this implies that

Nl([l)’ﬂrp =0.

Similar to ]\Afl(?’ﬂ in (3.6), Nl((l)”L) is invertible, so we have rp = 0. This contradicts the
fact that p is positive and = is not null. Hence, the right-hand side of (3.9) can not be
null.

Since Nl(?’ﬂ@l is defective, Uy is a defective transition rate matrix, so it is invertible.
Since Q is irreducible, Ugy must be irreducible. Hence, —Uaol is positive. O



Lemma 3.2 Under the assumptions of Theorem 3.1, we have

W}Lin;o ﬂ'gm) = Ty, (> 0.
PROOF. Note that Q™) (4, 5) converges to Q(7,5) as m — oo for each 4,5 € S and Q
has the stationary distribution. Hence, by Lemma 2.1 of [21], we only need to show that
) = (ﬂ'ém);é € N,,) is tight for m > 1, that is, for each € > 0, there exists a positive
integer mg such that

Z ™M1 < e, Vm > my,

Since

N Q1 < NO™ @1 = N1((1)7+)Q1

(m—1)(m—1) — "' (m—-1)(m—1

and Nl(?’+)Q1 is defective, (3.3) yields

xm) < ,T(()m@lNl(?,ﬂRm_le{ <Q0+Q NODQ, ) }
Using this and the fact that

(0,m) 0.4) 0.4) pm—t—1
Ni"he < Nignley = Ny VR,

we have, from (3.1), for 1 < ¢ <m — 1,
. -1_ . .
" < QN (R“ — B"2Q (Qo+ QNI M) Q_le?’”Rm—@—l) ,

Since the Perron-Frobenius eigenvalue of R is unit, R’ is uniformly bounded in ¢. On the
other hand, R’ geometrically decay with rate n < 1 by (2.8). Since all the entries of ﬂ(()m)

are bounded by 1, the above two inequalities conclude the required tightness. O

Remark 3.6 Lemma 3.2 can be also obtained from Theorem 3.4 of [12] using uniformiza-
tion of transition rate matrices Q and Q™ since the uniformized probability matrices P
and P corresponding to @ and QU™ are stochastically block-monotone and P™ is a
north-west corner truncation and block-augmented matrix of P.

PROOF OF THEOREM 3.1 From (3.3), we have

-1

ﬂ%n) — Q N(O m)l)Ql <_@0 Q le 1) m_l)Q1>

Multiplying both sides of this equation with =™ and letting m — oo, Lemmas 3.1 and
Lemma 3.2 and (2.11) yield

m) 771

(m) _
™ = PU 00U g0
npr 0

lim n=™
m—00

m

10



where the positivity of the right-hand side of this equation is immediate from the last
statement of Lemma 3.1. Thus, (3.4) is obtained if we show that

pUy = —p(n 1 = R)Q1.
Since p is the left invariant vector of R and satisfies (2.5), we have
pUn = p(Qo+ RQ_ + RQy)
= p(Qo+1Q ™ RQy)
= p(—n'Q: + RQ).
Thus, we get the desired result. O

The following result shows that the constant vector in (3.4) can be simplified under
some assumptions on transitions at the upper boundary. These assumptions are typical
in queueing applications, and will be used in the next section.

Corollary 3.1 Under the assumptions of Theorem 3.1, if Qy = Qo+ Q@ and Q_; = Q_1,
then we have

. _ ™r ~
lim n mﬂ'&”) = ——p( —nR). 3.12
o i — e (312
PROOF. Similarly to (2.9), (2.2) is equivalent to
2Q1+ Qo+ 27'Qo = (I — 27 'R)(Qo + RQy + 2Q1), 2z #0. (3.13)

Letting 2 = ™! in this equation and multiplying p from the left, we have, from (2.5),

p(n I — E))(’W(Qo + RQI) + Q1) =0.
This implies that
(L=mp( L= R)Q1 = —np(n~'1 = R)(Qo+ Q1 + £Qy)
= np(n'1 = R)(~Ug)-
Applying this to (3.4), we have (3.12). a

Remark 3.7 As far as the authors know, (3.4) and (3.12) have not been known even for
special cases except trivial models such as the M/M/1/m queue. However, we can produce
a less trivial example for this using the M/PH/1/m queue. In this model, the service
times are subject to a phase type distribution. Denote this distribution by PH (T, &) (see
Example 4.1 for its definition). Then, this queue is described by the QBD with @1 = AI,
Qo =T — M and Q_; = ta, where \ is the mean arrival rate and t = (=7)1. Its
stationary joint distribution is known (see Section 3.2 of [15]). From this result, we have

7™ = A\ R™2(-T)7,
where R = A\(—T + Al — Ma«)~'. This implies

(m) _ AT T

p(—=T)71, (3.14)

lim n™"wy" = —

In Appendix C, we show that (3.14) indeed agrees with (3.12) for the M/PH/1/m queue.
O

11



One may wonder whether vector ' can be proportional to 7, as m goes to infinity

under the setting of Corollary 3.1. This is answered by the following corollary.

Corollary 3.2 Under the assumptions of Corollary 3.1, the right-hand sides of (2.13)
and (3.12) are proportional if and only if p is proportional to v. In this case, the limits
in (2.13) and (3.12) are identical, and we always have n = p, where p = vQ11/(vQ_1).

Proor. By Corollary 3.1, the proportionality holds if and only if we have, for some
c>0,

p(I —nR) = (1 —n)p. (3.15)

Note that the Perron-Frobenius eigenvalue of R is 1. Denote the associated right eigen-
vector by 7, and postmultiply both sides of (3.15) with it. Then, ¢ must be 1. So, (3.15)
implies pR = p. However, v is the left invariant vector of R, which easily follows from
(3.13) with z = 1. Hence, p must be proportional to v. In turn, if this proportionality
holds, then we have (3.15) with ¢ = 1, and the two limits are identical. Furthermore, we
have

v(Q1+1Qo +1n*Q1) =0, (3.16)

Since v is the stationary distribution, this yields

(I =nv(Q1 —nQ-1) =0,
Hence, n must be p. O

Remark 3.8 Consider ()_1, Qg and () such that ); = a()_; for some positive a < 1.
Then, p must be a, and we have

v(aQ-1 + Qo+ Q-1) =0.

Multiplying this with a and using 1 = a)_; again yield (3.16) with n = a. Hence, we
have p = v. Thus, we have the example that satisfies p = v. However, this is not a
queueing type model, which is discussed in the next section. Furthermore, n = p is hardly
expected for queueing applications except the case of a single background state. So, the
situation of Corollary 3.2 is hard to happen in them.

In Theorem 3.1, we have assumes that § < 0. However, the other two cases = 0 and
£ > 0 may be interesting. For 3 > 1, the following result is immediate from the reversed
direction version of Lemma 3.2.

Corollary 3.3 If 5 > 0, then the direction reversed QBD with transition rate matrix Q
has the stationary distribution 7« = (7,; ¢ > 0), and

lim 7™ = 7. (3.17)
If 3 =0, then
lim 7™ = 0. (3.18)
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In [4], more detailed limiting behaviors are obtained for the loss probability of
MArP/G/1/K + 1 queue. The corresponding results may be expected for the boundary
probabilities. For example, we may conjecture that, if 5 = 0, then

lim mz(™ = ¢

m—00

for some positive constant vector c.

4. A MArP/MSP/c with a finite buffer

We consider a M ArP/MSP queue with a finite buffer of sizes K > 0. This queue and
its variants have been studied under the name M AP/MSP/1 in [16]. Here, MATrP rep-
resents Markovian arrival process which is termed by Neuts. Similarly, MSP represents
Markovian service process, which is another MArP whose arrivals are replaced with ser-
vice completions. This MArP (MSP) is a counting process controlled by a underlying
continuous time Markov chain. Note that the number of servers as well as service dis-
cipline are not essential as long as service does not depend on the number of customers
in system. The difference only appears at the lower boundary. Just for convenience, we
assume that there are ¢ servers, and denote the model by M ArP/MSP/c/K + c. In this
model, level 0 accommodate all the states in which the number of customers in system are
not greater than c—1, so level £ > 1 represents the states that there are /+c—1 customers
in system. It is also assumed that arrival and service processes are independent of each
other as long as all servers are busy. In this way, we describe the M ArP/MSP/c/K + ¢
queue by the QBD process truncated by level K + 1.

Let m = K + 1 and let L(™(t) be the number of customers in system at time t. We
define the level at time t by

Y™ (t) = max(0, L™ (t) — ¢+ 1).

Then, we can formulate M ArP/MSP/c/K +c as a truncated QBD with level Y™ (t). To
describe this QBD, denote background processes for arrivals and services by {Jl(m)(t)}tzo
and {Jém) (t) }+>0, respectively. Process {Jl(m) (t)} is a continuous time Markov chain with
finite state space My = {1,2,...,k;}. However, Jém)(t) may depend on L™ (t) and
Jl(m) (), and it is activated only when there are customers in system. Thus, {Jém) (1)} is
not a Markov chain, but it becomes so when Y (™ (¢) remains in the set {1,2,...,m}. Let
My = {1,2,...,ky} be a state space of this Markov chain. Denote the transition rate
matrix of these Markov chains by k; X k1 (ko X ko) matrix C; + Dy (Cy+ Dy), respectively,
where C; is a defective rate matrix, and D; is a nonnegative matrix for ¢ = 1,2. If
transitions due to Dy (D) occur, then a customer arrives (a service is completed).

Thus, C} and Dy (Cy and D,) generate a MArP (MSP when all servers are busy). It is
assumed that Cy + Dy (Cy + Ds) is irreducible and aperiodic. This implies that there is a
unique stationary probability vector vy (V) satisfying v1(Cy1+D;) = 0 (vo(Ce+Ds) = 0).

When Y™ (t) attains value 0 either after or before its state change, transitions of
JS™ (1) depends on L™ (¢) and J™(t), where L™(t) takes values in {0,1,...,c}, and
we need them to describe a service process. Thus, the background process can be given
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by (L™(t), Jlm) (1), Jém)(t)) during Y™ (¢) = 0. Denote its state space by Sy. We then
consider three cases that Y2(m) changes from 1 to 0, 0 to 0 and 0 to 1, separately. For
these cases, we denote the transition rate matrices of the background process by @ D Q 0

and Ql, respectively. It is routine to give detailed descriptions for them (e.g, see [16] and
Example 4.2 below for the case of ¢ = 1). However, we omit those descriptions since our
arguments does not depend on their specific forms.

Let
20y = (Y ), 7 (1), J5(1))

where JU™ (1) = (L™ (t), JS™(t)) when Y™ (¢) = 0, and JY(t) = J{™(t) otherwise.
Then, Z™(t) is a Markov chain with state space {0} x Sy U {1,2,...,m} x Sp, where
Sp = M, x Ms. Note that we can set JV™(t) = J{™(t) for ¢ = 1. Referring to Y™ (¢)
as a level process and to (Jl(m) (1), igm) (t)) as a background process, the Markov chain
Z™M(t) is a truncated QBD process with a transition rate matrix Q™ whose blocks are
given by

Qo = C, @ Oy, Qy = (Cy + Dy) @ Cy,

Q-1=0Q_ =1 ® D, Q1 =D ® Iy,

where ® and @ stand for the Kronecker product and sum (e.g., see [2]), and I, I are
identity matrices of appropriate sizes. For matrices @ D Q 0 and @ ,» o specific forms are
given as we discussed above.

It is easy to see that the stationary probability vector for Q_1 + Qo + Q1 is V1 ® vs.
Let
1
)\Zl/lDll, n = _V2D21.
c

Clearly, A is the mean arrival rate of customers, and p is the mean service rate at each
server. Then, in this model, the negative drift condition (2.3) is equivalent to

A
p=— <1 (4.1)
cp
Note that this queue always has the stationary distribution since levels are finite.

Compute the matrix generating function Q; + 2Qq + 22Q_; for real number z. Then,
we have

Q1+ 2Qo + 2°Q_1 = (2C1 + D1) & (205 + 2°Dy). (4.2)

By the Perron-Frobenius theorem, for each z > 0, there exists positive eigenvectors g, (z),
q-(2), p1(z), Py(2) and the corresponding nonnegative eigenvalues 6;(z), 62(z) such that

P1(2)(2C1+ D1) = 01(2)py(2),  pa(2)(2C2 + 2°D2) = Oy(2)py(2),  (4.3)
(2C1+ Di)gy(2) = 01(2)@u(2), (202 + 27 Da)qy(2) = 02(2)qn(2).  (44)
Applying these formulas to (4.2), we have

pi(2) @ py(2) (Ql +2Q0 + ZQQ—l) = (01(2) + 02(2
(Q1+2Q0 +2°Q-1) 41(2) ® @5(2) = (01(2) + 02(2)) q1(2) © go(2).

~—
~—
S
=
—~
N
~—
®
=
[\v)
—~
I
~—
H~
ot
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Lemma 4.1 Under the stability condition (4.1), there exists a unique € (0,1) such
that

01(n) + 02(n) = 0. (4.7)

For this 7, let p = p,(n) @ py(n) and q = q,(n) @ g5(n), then these p and q satisty (2.5)
and (2.6), that is,

P1(n) @ Pa(n) (Q1 +1Qo +1°Q-1) = .
(Q1+77Qo+77Q 1) @1(n) ® ga(n) = 0. (4.9)

PROOF. Since 0;(z) and 5(2) are convex (see e.g., [10]), 01(2) + 02(2) is also convex.
On the other hand, ¢1(1) = —v1D;1, and 05(1) = v2D51, so (4.1) implies that

67(1) + 05(1) > 0.
Since #1(0) > 0, there must be a unique n € (0, 1) satisfying (4.7). Equations (4.8) and
(4.9) are immediate from (4.5), (4.6) and (4.7). a

We are now ready to consider the loss probability p1 - ) of the MArP/MSP/c/K +c
queue, which is defined as

p(K+c) = )\_177%1)@117

loss

where m = K 4+ 1.

Theorem 4.1 For the MArP/MSP/c/K + ¢ queue, if p < 1, then we have

(K+c) (K+e) _ (1 _ p)ﬂ.gqueue)rp'f.
loss pnc—l(l _ n)pr

lim 7 : (4.10)

K—oo

where 7wl = Ty, i.e., it is the positive vector for the stationary probabilities that there

are ¢ customers in system, n € (0, 1) is the solution of (4.7) and

P =p:(n) @ pa(n),
—(Qo + (nI + R)Q-1)q,(n) @ q4(n),

and 7 is the right invariant vector of R normalized as v# = 1, which is given by
P =—(cp— X (Qo + Q1 + RQ)1.

Remark 4.1 It is interesting to see how the loss probability is different from the station-
ary probability at level K + 1, i.e., p&?‘jr)c = mx411, of the corresponding unlimited buffer
queue. They have the same decay rate, and their ratio is given by

K+c ~

li pl(os: : _ 77(1 _ p)p’f’
11m (o) = .
K—oo pleo) - p(1—mn)pl

(K

This may be useful for estimating py-."

O

) for large K if we know the exact values of pK +c
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ProoF. From Corollary 3.1 and Lemma 4.1, (4.10) is obtained if we have

p(I —nR)Qi1 = nep(1 — p)pi. (4.11)

We first show that 7 is the right invariant vector of R satisfying the normalization. From
(3.13) with z = 1, we have

0=(Q1+Qo+Q1)1=(—R)(Qo+ Q1+ k1. (4.12)

Hence, 7 is the right invariant of R, where the minus sign is need for 7 to be positive.
Similarly, v is the left invariant vector. This implies that

vii = —(cn—A)Tw(Qo+ Q1+ Q1)1
(cp—N)"'w(Q 1 —Q)1=1.

Also, from (4.12), we have
RQ11 = —(Qo + Q1)1 — (e — N7 = Q11 — (cpu — A)#.
This yields
p(I = nR)Q11 = p(Q1 = Q1)1 + n(cp — N)p#

Hence, we get (4.11) if p(Q1 — nQ@-1)1 = 0. To prove this, we first derive the following
formulas from (4.3) using the fact that (C; + D;)1 = 0.

(1 =n)py(n) D11y = 01(n)p1(n)1y,
n(1 = n)py(n)Daly = —02(n)ps(n)La.
These yield

p(Q1—nQ-1)1 = pi(n) @Pa(n)(D1® Iy — 1l @ Dy)1

= T O+ ()PP 0)2 = 0.

Thus, (4.11) is obtained, which concludes (4.10). O

In applications of Theorem 4.1, we need to compute 7, wd"", p, r and 7. In principle,
these can be done through computing R and R. However, their analytic expressions
may be also interesting from the theoretical point of view. The following result partially
answers to them.

Corollary 4.1 Under the assumptions and normalization of Theorem 4.1, if p,(n) and
g;(n) are normalized in such a way that

then
. 1— p) 7_l_gqueue) ’I“p’lA"
lim g~ (K+op{Ere — ( : 4.14
A e = S ) + B() 414
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Proor. Differentiating (4.3) and (4.4) with respect to z at z = 1 and postmultiplying
with g,(n) and g,(n), respectively, we have

(1) Ciq,(n) = 01 (n)p1(M)a,(n) = 01(n),
P2(1)(C2 + 2nDa)qs(n) = 05(n)po(1)g2(n) = 05(n),

where the second equalities follow from the normalization. Using these formulas and the
normalization (4.13), we have

pr=—pi(n) @py(n) (C1 ® I + [ @ Cz + 2111 ® Dy) q,(n) ® q5(n)
= —(p:(1)C1q:(n) - P2 (1)gs(n)
+p1 (M) (n) - P2 (1) Caqz(n) + 201 (M) @1 (1) - P2(1) D2gs(1))
= —(01(n) + 05(n)) - (4.15)

Substituting this into (4.10), we have (4.14). a

Example 4.1 (Phase type renewal process) A simple but important example for
MArP and MSP is a renewal process with a phase type interarrival distribution. Suppose
that transition rate matrix 7" and nonnegative matrix D generate a MArP. Let D = ta
for a probability vector a, where t = (—7")1. Then, this MArP becomes a renewal process
with an interarrival distribution whose density f is given by

f(z) = avexp(zT)t, x> 0.

This distribution is called a phase type, and denoted by PH (e, T') (e.g., see [11]). We refer
to this renewal process as a phase type renewal process. For the phase type renewal process
generated by PH (e, T'), (4.3) and (4.4) become simpler. For example, let (z), p(z) and
q(z) are the Perron-Frobenius eigenvalue and left and right eigenvectors of 2T + ta for
z > 0. Then, it is easy to see that

p(2) = 2 'p(2)ta(z710(2)I - T)7 1, q(z) =z 'aq(2)(z7'0(2)I = T)"'t. (4.16)

Note that p(z)t and aq(z) are scalars. These expressions of the eigenvectors are well
known (see, e.g., Section 5 of [19]). O

A typical queueing model with phase type renewal arrivals and services is PH/PH/c
queue, where PH stands for the phase type renewal process (see, e.g., [19]). If we truncate
the buffer of this queue by K, then we have a PH/PH /c/K + ¢ queue, which is of course
a special case of the M ArP/MSP/c/K + ¢ queue. So, Theorem 4.1 and Corollary 4.1 are
valid for them.

In the rest of this section, we compare our results with Theorem 1 of [4], which gives
asymptotic behaviors for a M ArP/G/1/K + 1 queue. If the service time distribution is
limited to phase type, then this model becomes a special case of MArP/MSP/c/K + c.
Thus, Theorem 4.1 and Corollary 4.1 can be considered as a generalization of Theorem
1 of [4]. Here are two generalizations, one from a single server to many server, and
another from independent and identically distributed service times to a Markovian service
process. However, it is not immediate to conclude Theorem 1 of [4] from Theorem 4.1 or
Corollary 4.1 since the modeling is different.

So far, we show how Theorem 1 of [4] for phase type service times is derived from
Theorem 4.1. To this end, we first introduce M ArP/PH/1/K + 1 formally.
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Example 4.2 (M ArP/PH/1/K + 1 queue) For the M ArP/MSP/c/K + ¢ queue with
c = 1, rewrite Cy as Ty, and let Dy = toas for a probability vector ay on My and ¢, =
—Ty1. Tt is easy to see that vy = pan(—T)"! for i = 1,2, where p = (a(—=T5)"'1)71.
Let

Q,1211®t2’ Q0:C1, Q1:D1®QQ.

That is, the service time of a customer who found the system empty is independently sam-
pled from the distribution PH (e, Ty). We refer to this model as the M ArP/PH/1/K +1
queue. |

We apply Theorem 4.1 to the MArP/PH/1/K + 1 queue. Similarly to (4.16), we
have, from (4.4),

27lgy(2) = (2710:(2) [ — Tg)_l taaags(2). (4.17)

Let s;(2) = 2710;(z) for i = 1,2. Let V denote a generic random variable subject to the
service time distribution PH (aw, Ty). Multiplying as to (4.17), and noting that aiagy > 0,
we have

Z—l — E(6_82(Z)V).

Differentiating both sides of this equation at z = n yields

05(n) = —s1(n) + m, (4.18)

since s1(n) + s2(n) = 0. Let n € (0,1) be the solution of (4.7), and dy = naaq,(n). Then,
from (4.17) with z = 7, we have

q,(n) = 02 (s2(n) 1z — T2)_1 to. (4.19)
Similarly, letting vo = npy(n)ta, (4.3) yields
Pa(n) = eea(sa(n) o — To) "

We normalize p,(n) and g4(n) by (4.13), then it can be obtained that

0
Yo = 1(7])’ 52
1—n

_ 1—n
() E(VesV)

(4.20)

The derivations of these formulas are given in Appendix D. Define
x(z) = BE(e#(/AVY, z > 0.
This x(z) is the Perron-Frobenius eigenvalue of the matrix moment generating function:

A(z) = E(eGH=D2V)),
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See [4] for details. It is straightforward to compute the derivative of x(z) at z = 1/n as

x’(1>-—1 — (0(n) = b () E(Ven V) — 1

Ul
= n(si(n) — Oy () E(Ver V) —1

1
= pE(Vesr V) -0
NE(Ve ( - ey~ )
= —nBE(Ver V)@ (n) + 65(n)), (4.21)
where the last equality is obtained by (4.18). We are now ready to present the following

result, which is proved in Appendix E.

Corollary 4.2 For M ArP/PH/1/K + 1 with the normalization (4.13), if p < 1, then we
have

1—p)si(n .
Jim 7 DY = L= p)srln) moq, (n)p1 ()71
" - (v (1)

(4.22)

where 71 is the kj-dimensional column vector such that 7 = 7 ® 75 and v7; = 1.

This corollary must be identical with Theorem 1 of [4]. However, it is still apart from
(4.22). We here need to make correspondences between their and our models. In [4], the
queue is described by the embedded Markov chain at departure epochs. This embedded
Markov chain is a truncation of the so called M/G/1 type queue. In what follows, we
show that they are indeed identical, introducing some notation of the M/G/1 type queue,

Let {(Ln, J,)} be a Markov chain for the corresponding M/G/1 type queue with an
unlimited buffer, where L,, and J, represent the number of customers just after departure
and the phase for arrivals, respectively. If L,, remains in the set {1,2,...}, then {(L,, J,,)}
can be considered as a Markov additive process. Denote this additive process by (X, B,).
For this additive process, we can define matrix G), corresponding to the G for hitting
states in one lower level. Similarly, we can define matrix R, corresponding to the R for
occupation measures. Since this unlimited buffer queue is stable, it is not hard to see that
G is a proper transition probability matrix, and v, is the left-invariant vector of Ry,

Let g, and 7}, be the left-invariant and right-invariant vectors of G, and Ry, respec-
tively, such that g,1 = 1 and vr, = 1. Then, as is noticed in [4], it is well known
that

=(1-p)gy. (4.23)
In Appendix F, we show that
T = Tp. (4.24)
Substituting these formulas into (4.22) and using s1(n) = n7161(n), we get
Jim g pY = d- '0)2911(77) 9o (0)p1 ()7
- (v (5) 1)

This is exactly the result in Theorem 1 of [4]. It may be notable that the loss probability
asymptotics have different expressions. Among them, (4.10) may be most tractable for
numerical computations. It also has an advantage to be valid for many server queues.
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5. Concluding remarks

We finally consider possible extensions of the present results. The QBD process with
finitely many background states is sufficient for many queueing applications, but it is
still limited since it excludes batch arrivals and batch departures. To include them, we
may need unbounded level jumps. This class of queueing models are called GI/G/1 type
(see, e.g., [14]). An extension of the present results for such models may be interesting.
Another extension is to accommodate continuous quantities in background states. For
example, they are required for the models with general service time distributions. For
such an extension, we need to enlarge the framework of the Markov additive process of
this paper. This is also a challenging subject.

Appendix A. Proof of Proposition 3.1

Dividing Q™ into level 0, {1,...,m — 1} and m, we have

9, €
Q,
Q im) : (A1)
@
Q1 Qo
where ng) consists of (m — 1) blocks in each rows and columns such that
Qo G
Q-1 Qo
QM =
Q-1 Qo @1
Q-1 Qo
Clearly, the stationary distribution 7™ satisfies w(™ Q™ = 0, which is equivalent to
Wém)Qo + ng)Q_1 =0, 777(721—)1621 +7Q, = 0, (A.2)

(770,00, ..0) + (17 )+ (0, 0.7Q ) =0, (A3
Since kam) is a defective matrix, (—Qim))*1 exists. Thus, (A.3) becomes
(™, i) = (m07Q,,0,., 0,7 G ) (—QI) (A4)

Note that (—Qim))_1 represents the mean sojourn time in (N, \ {0,m}) x Sg before
absorbing to {0} x Sg or {m} x Sp. So, (A.2) and (A.4) prove this proposition.

Appendix B. Proof of (3.10)

We formally prove (3.11):
N(0,+) _ Nl(?ﬁl)QlN(o7+) m > 2.

1m mm
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For convenience, we let 7, = Tﬁyoo) and Tj = T(C_OO’E_I] for £ > 1. That is,
= inf{t > 0; X(¢) < 0}, 7,7 =inf{t > 0; X(t) > (}.

Then, conditioning the Markov additive process (X (¢), B(t)) at time 7,7, we have
M) = B (1000 =, B = ou < )i
0

0

= ZP(M) (B(T:;) =k 7! < 7'0_) N 0+)(k 7)-
k

Hence, (3.11) is obtained if we show that

Py (B(rh) = k. < 75) = N{o Qi k). (B.1)

Let A be the transition rate matrix of (X (¢), B(t)). It is easy to see that

Q—l(iaj)7 £:k—1

. . ia ' ) g = k’
0, otherwise.

Let oy = 75 A7,; At fort > 0, where a A b = min(a,b) for real number a,b. Since o, is
a bounded stopping time with respect to the filtration of the Markov chain (X (t), B(t)),
we have the following Dynkin’s formula (e.g., see Lemma 19.21 of [9]).

Bln(f(X(00, o) = 1(6) + B ([ 41X, B ). (B2)
0
where f is a nonnegative and bounded function on N' x Sg, and

Af(& Z) = Z A((ﬁ, i)? (€,> i/))f(€/7 Z-I)'

(' i")EN XSp

Let ¢ =1 and f(¢',i') = 1(¢’ = m,i = j) in (B.2), then we have, for m > 2,
P(l,i)<X(Ut) =m, B(O't) = k)
= oo ([ AKX B, (. )

- Z/OOO Puy (X(u)=m —1,B(u) =i, u < ;) Q((m — 1,7), (m, k))du.

21



Letting ¢ — oo in the above formula and using the fact that X (75) = 0 # m, we have
P(l’l)(B(T,:;) = ]{3,7‘;: < ’7'0_)
= ZE(LZ-) (/ 1(X(u)=m—1,B(u) =i,u<7; A TJ))dU)
il 0
XQ((m - 17 il)? (ma k))
0,m .
= Nl((m_)l)Ql(Za k)

This completes the proof of (3.11).

Appendix C. Proof of (3.14)

We show that (3.14) agrees with (3.4) for the M/PH/1/m queue. This is equivalent to
show that

np(n I — R)Q1 = A\pT~(Qo + Q1 + RQ:)

We here prefer (3.4) to (3.12). Since Qo+ @1 = T and @1 = AI, this is further equivalent
to

p(nl + \T"HRQ, = 0.
Hence, it is sufficient to show that
p(nl + X\T"HT1aG = 0. (C.1)

since RQ; = Q_1G and Q_; = ta. We show that p(nI + AT~1)T1 = 0. To this end, we
note that p is determined by (2.5), which is written as

p (A1 —=n)I +nT +n*ta) = 0.

We normalize p in such a way that pt = L.

with 1, we have

Then, postmultiplying both sides of this

p(AM +nT)1 =n(Apl —1).
This yields

(I1=n)(Apl—1)=0,

which implies that Ap1 = 1. Hence, we have p(nT + AI)1 = 0, so we have (C.1).

Appendix D. Proof of (4.20)

From the normalization, we have
Qs(sa(n)ly —To) 'y = 5 Y,
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while (4.17) yields

Qs(sa()lo — To) " (=T2)1a = 1"
These two equations imply

1 = a212

= as(s2(n) Ly — To) ' (s2(n) Ly — T2)1,
= so(m)yy 0

This concludes the first equation of (4.20) since nsa(n) = 62(n) and 01(n) = —04(n). We
next compute the inner product of py(n) and g4(n).

Po(M)gs(n) = mdeas(sa(n)lz — To) >t
d
= —72(52%042(212 —Ty) 'ty

z=s2(n)

d —sB
= —7252£E(€ )

= ’)/252E<B€sl(n)3).

s=s2(1)

Hence, the normalization py(1)g,(n) = 1 concludes the second equation of (4.20).

Appendix E. Proof of Corollary 4.2

From Corollary 4.1 and (4.21), we have

lim g KD+ n(1 — p)E(Bes* B rpi

Ko s 7 p(L—n) <X' (%) - 1)

Hence, if we show that

R = o0, (B.1)
pi =y (£:2)

then Corollary 4.2 is obtained. From (2.11), we have
_ 0+) _
ust —71'0(]1®a2)Q1N11 —7T()(]1®(X2)R.
Since 7y = 7o ® 1, this, (2.7) and (3.5) yield

™Tr = ’r](ﬂ'g X ag)’f’
= —n(mo ® ) (Qo +1Q-1 + Q1G)(q,(n) @ q2(n))
= (T ® ) (C1 BTy + I @ taas + (D1 @ 1)G)(q,(n) @ qx(n)).  (E.3)
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Since G is the transition probabilities to hit one lower level, which always ends up with
the departure of a customer, G can be decomposed as

G = Gl ® 12042
for some k; x k; transition probability matrix G;. Applying this to (2.10), we have

0 o(C

3

(Cy+ (I ® 11an) R(I; @ ts))
o(C1 + (I1 ® 11a) RQ_1 (11 ® 1))
o(C1+ (11 ® 11a)Q1G(1; ® 1))
o(C1 + (D1 ®@ L) (G ® 19)
= mo(C1 + D1G1).

|
3

|
3

I
3

Hence, we have woC, = —mwoD1G,. Substituting this to (E.3) together with (4.19) and
02 = na2qs(n), we get
mr = —n(m ® o)(l1 @ T + 0l @ tra2)(q, (1) ® q5(n))
= —n(mo @ a)(li @ Ty + 11 @ (nt2012)) (g1 (1) @ qa(n))
= =gy (n)ea(Ts + ntaas)gs(n)
= —nmoq,(n)(2T2g,(n) + daaests).

We further compute this using the fact that

s Toqy(n) = dy05Ty (59(n)Io — To) 'ty
= —0s0tz (s5(n) Ly — Tb) (52(n) Lo — To) " o + S282(n) 0z (so(n) Ly — To) 'ty
= —52a2t2 + 5282(7])&2 (82(77)[2 — Tg)il t2

= —Gaauaty — Gys1 ()Y,

we get

1 = 0251 (n)moq, (1)
Hence, (4.20) concludes (E.1).

We next prove (E.2). To this end, we shall use dual processes for the Markov additive

A

processes (X (), B(t)) and (X (t), B(t)). These processes are defined as (—X(—t), B(—t))
and (—X(—t), B(—t)), respectively. Obviously, (=X (—t), B(—t)) is also a Markov addi-
tive process generated by matrices:

Q>f< = A_l(Qi>TAV7 = 07 il?

(2 174

where A" is the transpose of matrix A, and A, is the diagonal matrix whose i-th diagonal
entry is the i-th entry of a vector a. We use superscript “x” to indicate the dual process.

A

Similarly, (=X (—t), B(—t)) is generated by matrices:
Qr =AJNQ-)"AL, =0+

Let N;; (1 be the corresponding matrix with Néo_ D for the dual direction reversed process

(—=X(—t), B(—t)). Define
G = Nog @y
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This matrix represents the background state transition probabilities at hitting one upper
level for (=X (—t), B(—t)). On the other hand, it can be shown that

R=ANG)A,.

For example, see [14] for a discrete time version of this relation, which is easily converted
to continuous time versions. Since G = G* can be obtained by reversing the direction,
this becomes

R=AYG)A,. (E.4)

We now closely look at G*. We first observe that G* is a non-defective transition proba-
bility matrix since the dual process has the same mean drift as the original process. We
next note that

QL = AJ(L®egty)A,
= LA adtyA,,,
where v = v; ® vy is used. Since
t, A, 1 = vty = p,
G* must has the following form for some k; x k; transition probability matrix G7.
G" =G 14,

where &, = p~'t3A,,. Let g* and g} be the left invariant vectors of G* and G3, respec-
tively, then the left invariant vector g* of G* is given by

g =906 (E.5)
Hence, (E.4) implies that the right invariant vector 7 of R is given by
P=al, N (g") = af1 ® (u '),
for some positive constant a, where 1 = A7 !(g})". Since v7 =1, we have a = 1. These

yield

A

pr = o pi(n)Tipy(n)t2
= p e p(n)r
Thus, (4.20) concludes (E.2).

Appendix F. Proof of (4.24)

From (E.4) and (E.5), we have 71 = A 'g}. Let g; be the corresponding vector with g,
for the dual of the Markov additive process (X,,, B,,). It can be shown that the background
processes for these additive processes have the common stationary distribution v;. So,
we have 7, = A} lgs similarly to 71 (see also [4]). Since both of (1 — p)g* and (1 — p)g},
give the same stationary probabilities of background states in the dual process when the
system is empty, they are identical, and we have (4.24).
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