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Abstract In this paper, an M/G/1 queue with exponentially working vacations is an-
alyzed. This queueing system is modeled as a two-dimensional embedded Markov
chain which has an M/G/1-type transition probability matrix. Using the matrix ana-
lytic method, we obtain the distribution for the stationary queue length at departure
epochs. Then, based on the classical vacation decomposition in the M/G/1 queue,
we derive a conditional stochastic decomposition result. The joint distribution for the
stationary queue length and service status at the arbitrary epoch is also obtained by
analyzing the semi-Markov process. Furthermore, we provide the stationary waiting
time and busy period analysis. Finally, several special cases and numerical examples

are presented.
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1 Introduction

We consider a queueing system where the server may not be fully available for a
period of time, called a vacation. During the vacation period, the server may also per-
form other supplementary tasks. Over the last two decades, the queueing systems with
vacations have been well studied because of their applications in modeling the com-
puter networks, communication, and manufacturing/service systems (see Fuhrmann
and Cooper [6]). Readers are referred to the surveys of Doshi [4, 5], and the mono-
graphs of Takagi [17] and Tian and Zhang [16]. In these previous studies, usually
it is assumed that the server stops service completely during the vacation. In 2002,
Servi and Finn [14] analyzed an M/M/1 queue with working vacations, denoted by
M/M/1/WV, where the server works at a lower service rate rather than completely
stopping service during the vacation period. The motivation of studying M/M/1/WV
queue is to model approximately a multi-queue system where each queue can be
served at one of two service rates and the fast service rate mode cyclically moves
from queue to queue with exhaustive service. The working vacation model can be ap-
plied to analyze a wavelength division multiplexing (WDM) optical access network.
Subsequently, Kim, Choi and Chae [8], Wu and Takagi [18] generalized the model in
[14] to an M/G/1 queue with general working vacations. Baba [1] provided a study on
a GI/M/1 queue with working vacations by using the matrix analytic method. Banik
et al. [2] analyzed the GI/M/1/N queue with working vacations. Liu et al. [9] es-
tablished the stochastic decomposition in the M/M/1 queue with working vacations.
Li and Tian [10, 11] considered two types of discrete-time GI/Geo/1 queues with
working vacations. In fact, the matrix geometric solution method developed by Neuts
[12] is very powerful in analyzing the GI/M/1-type (including M/M/1-type) working
vacation queues. However, there was no attempt in analyzing the M/G/1-type work-
ing vacation queues via the matrix analytic method. The study on the M/G/1 with
working vacations in Wu and Takagi [18] is based on the Laplace—Stieltjes transform
(LST) for an embedded Markov chain. Kim, Choi and Chae [8] analyzed the M/G/1
with exponentially working vacations using the results in systems with disasters.

In this paper, we treat the M/G/1 queue with exponentially working vacations,
which is a special case of that in Wu and Takagi [18] and is the same as that in Kim,
Choi and Chae [8]. But we utilize the matrix analytic approach which is very different
from the methods used in previous studies and derive more results and properties
about the system performance.

The rest of this paper is organized as follows. In Sect. 2, the M/G/1/WV queue is
formulated as the two-dimensional embedded Markov chain at the departure epochs.
The M/G/1-type transition probability matrix for the model is developed. In Sect. 3,
using the matrix analytic approach, we derive the probability generating function
(PGF) of the stationary queue length at the departure epochs. In Sect. 4, we use the
stochastic decomposition property for the standard M/G/1 queue with general (non-
working) vacations in Shanthikumar [15] to develop another expression for the PGF.
Section 5 gives the joint distribution of the stationary queue length and service rate
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status at an arbitrary epoch based on the semi-Markov process theory. The waiting
time and busy period analysis are provided in Sects. 6 and 7. Finally, some special
cases and numerical examples are presented in Sects. 8 and 9.

2 Model formulation and embedded Markov chain

Consider an M/G/1 queue with a Poisson arrival process of rate . Whenever the
system becomes empty at a service completion instant, the server starts a working
vacation during which the service is at a low rate and the service times are also i.i.d.
The notations used in our model are as follows:

(1) The normal service time during the busy period S, follows a general distribution
with the mean of 1/u; and

Gp(x) =P{Sp < x}, G(s) =/OO€_” dGp(x),
0

oo
b(k):/ KdGy(x), k>2.
0

(2) The service time during the vacation period S, also follows a general distribution
with the mean of 1/u, and

Go¥) =PSy <x},  Guls) = f e AGy (),
0

*© k
f,k)=/0 x"dGy(x).

(3) The vacation time is exponentially distributed with rate 6. At a vacation comple-
tion instant, if there are customers in the system, the server will start a new busy
period. Otherwise, he/she takes another working vacation. Inter-arrival times, ser-
vice times, and working vacation times are mutually independent. The service
discipline is First Come First Served (FCES).

Let L(t) be the number of customers in the system at time ¢ and L, the number
of the customers at the nth service completion instant. Note that a service completion
(or customer departure) may occur during a normal service period (busy period) or a
working vacation period. Define

J = 1, after the nth departure, the system stays in a busy period,
" 0, after the nth departure, the system stays in a working vacation period.

Due to the exponential vacations, the process {(L,, J,),n > 1} is a two-dimensional
embedded Markov chain with the state space

2={0,0}U{k, j)k=1,;=01}

Obviously, the server only stays in the vacation period when there are no customers
in our model.
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To develop the transition matrix of (L,, J,), we introduce a few quantities:
(i) Define

o0 A k
ak=/ e—“ﬂdGb(z), k>0.
0

k!
Then, a; (k > 0) is the probability that there are k arrivals during S, (regular service
time). Multiplying ax by 7%, and summing over k =0, 1, ..., 0o, we have

0 00
~ A
AR =) at = / e M7V GGL(0) = Gp(M(1—2)), A ()=-—=p.
k=0 0 Kb

(i1) Define

PN ® ) L

bk:/ e xTe *dGy(x), k>0,
0 .
o0 rx p ()\,I/t)k N

Uka f e~ “Te_ "dudGy(x), k=>0.
0 0 .

Evidently,

Zbk :/Ooe_QXde(x) :P{Sv < V} == 5l)(e)v
k=0 0

o0 00 px -
ka=/ / 0e P dudGy(x) =P{V < S} =1—G,(H).
k=0 o Jo

Thus, {by, k > 0} and {vg, k > 0} are two non-complete probability distributions. In
fact, denote by A, the number of arrivals during a random length x. Then, we have

P{As, =k.Sy <V}=bi, PlAy=k.V<S,)=w. k=>0.

Hence, by is the probability that V > S, and k customers arrive during S,, and v
is the probability that V < S, and k customers arrive during V. The z-transforms of
{by, k = 0} and {vg, k > 0} can be obtained as follows:
o0
0

o
m@=§:mﬁ=/ eI 4G, (1) = Gy (6 + A(1 - 2));
k=0
& 00 px
V@) =) = / f ge 10 1=l gy 4G (x)
k=0 0 Jo

0 * —[0+A(1—
=g, Lot
0

~

[1-Gu(6+1(1-2)] 1-B@)].

To+al—2 =6+A(1—z)[
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Define 8 = B’(1). Obviously,

/ o —0x / A ~
B (1)=,\/ xe % dG,(x) =8, v (1)=§(1—GU(9))—;3.
0

(iii) Define
k
k= Zvjak_./, k>0,
j=0

which represents the probability that the vacation time V is not longer than S, and &
customers arrive during V plus S;. Therefore,

chzl—év(g), C(Z)chkzk:V(Z)A(Z)’
k=0 k=0

and
/ A ~
c'(h = (p + 5)(1 ~Gu(®) - B.

Using ax, by, vk, and ¢, we can present the transition probability matrix of X, =
(Ln, Jn) by considering three transition cases.

e Case 1:if X,, =(m,1),m > 1:

(m—1+j,1) withprobability a;, m >2, j > 0;
Xny1= { G, D with probability a;, m=1, j > 1;
0,0) with probability ag, m = 1;
o Case2:if X, = (m,0),m >2:

o (m — 1+ j,0) with probability b;, j > 0;
"= (m— 1+ j,1) with probability ¢, j > 0;

e Case3:if X;;, =(m,0),m=1,0:

(j, 1) with probability c¢;, j > 1;

(j,0) with probability b;, j > 1;
Xn+1 = :
(0,0) with probability by + co.

Using the lexicographical sequence for the states, the transition probability matrix
of (L,, J,) can be written as the block-Jacobi matrix

By By B; Bj;
Co A1 Ay Aj

@ Springer



144 Queueing Syst (2009) 61: 139-166

where
Bo=bo+co;  Bi=(bi,c), i=1;  Co=(bo+co.ap)’;
o b,' Ci .
A = |: 0 a; :|, i>0.
Evidently,

o0 o o
Bo—l—ZBie:I, CO+ZA[€=€, ZA,-e:e,
i=1 i=1 i=0

where e = (1, 1)T and T represents matrix transpose operation. Then, the stochastic
matrix P is an M/G/1-type matrix (see Neuts [13]). For such a model, the minimal
nonnegative solution of the equation G = Y 2, A;G' is required and is obtained
first.

Lemmal If p = A/up < 1, the equation z = Gp(A(1— 7)) has the minimal nonneg-
ative root 7 = 1 and the equation z = G,(0 + A(1 — 7)) also has a unique root in the
range 0 <z < 1.

Proof First, we consider thg equation z = (N}b()»(l —2)). Let ¥ (2) = 6;,()»(1 —-2))
and evidently, 0 < ¥ (0) = Gp(A) < ¥ (1) =1. And, for 0 < z < 1,

o0 o0
V() = A / te =D GG, (1) > 0; V() =22 / 2e =D 4Gy (1) > 0.
0 0

Meanwhile, it follows from p = A/, < 1 that ¥/(1) = p < 1. Thus, the equation
z =¥ (z) has the unique root z = 1. Similarly, we set ¢(z) = G (6 + A(1 —z)). Then
we have

0<@0)=Gy@+1) <p(l)=G,(0) < 1.
And, for0 <z <1,

o0
¢'(2) =A/ te” 0= 4G (1) > 0;
0
o0
¢ (@) =2? / 2~ O 1= 4G (1) > 0.
0

Therefore, z = ¢(z) has a unique root in the range 0 < z < 1. 0

Lemma2 If p=A/up < 1 and 0 > 0, the matrix equation G =Y ;2 A;G' has the
minimal nonnegative solution
_|v 1=v
o= ]

where y is the unique root in the range 0 < z < 1 for z = 5,,(0 +A(1 —2)).
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Proof Because all A; are upper triangular, we can assume that G has the same struc-
ture as
o r2
G= .
|: 0 }’22i|
Then, for i > 1, we have

i i—1 j i—1-j
Gi:[rll r122j:0_”11r22 }
0 s
Substituting G' into the matrix equation, we obtain
ri =Yg biryy = Go(@ + (1 —rn)),
; 1 il
ra =g i i 2 bi Yoy @)
rn =) 2nairy = Gp(A(1 —r2)).

From Lemma 1, the first equation has the unique root 11 = y intherange 0 < r1; < 1
and the third equation has ry» = 1. Taking > and rq; into the second equation, we
haverp=1—y. O

The steady state analysis is justified by the following condition.

Theorem 1 The Markov chain P is positive recurrent if and only if Y o gia; = p =
-1
Apy - < 1.

Proof Because

e, [Gu® 1-Gu®
A_Z(;A,_[ 0 | }

is a reducible stochastic matrix, with the notation of (2.3.18) in Neuts [13], A(2) =1
is the degenerative stochastic matrix, and has the degenerative stationary distribution
7 (2) = 1. On the other hand, A;(2) =a;,i >0, and B(2) = Z?io iA;(2) = p. Thus,
with Theorem 2.3.3 in Neuts [13], the Markov chain P is positive recurrent if and
only if

T2)BQ2)=p<1. =
3 Stationary queue length at the departure epoch

Let (L, J) be the stationary limit of the process (L, J,). Let

O = 700; i = (o, k1), k>1,

mj =PIL=k J = j}= lim PLy =k Jy=j}. (k.j)e2.

where my; represents the stationary probability that there are k customers in the sys-
tem with server status in j at a service completion instant.
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There are two possible transitions for the system to reach state (0, 0): (i) the empty
system resulted from the last service completion in a busy period; and (ii) the empty
system left by a customer departure during the working vacation period. Certainly,
for a classic vacation system, the service is stopped during the vacation period, thus,
case (ii) does not exist. Using 7 P =, we have the balance equations:

70 = 700 (bo + o) + 71 C = (o0 + m10)bo + (700 + T10)CO + T11a0;

k+1 3)
T, = oo B +Zn’jAk+1_j, k>1.

j=1

Theorem 2 The PGF of the stationary queue length L at the departure epochs is
given by
(1= Gy(®)(1 - p)
(1= Gy(0)® +1(1 =) = po(1 = )Gy (6)
o A@@)(1 =2)(B(z) —2) +z2(y —2)(A(x) — B(z) — C(2))
(z = B(2)(z — A(2)) ’

where A(z), B(z), and C(z) are given in Sect. 2.

L(z) =

“

Proof Introduce the row-vector generating function

o
PR =) Fm, <l
k=1

From the second equation in (3), we obtain

00 k+1

o0
P(z) = ﬂooszBk + sz anAkaj
k=1 k=1 j=1

o 1 o0 o0
=7T002Zk3k+ —anzf Z F I Ag-j —mAg
k=1 20 k=j—1

o0
1
=m0y B+ 2a>(z)A*(z> — 11 Ao,
k=1

where

S SN L)
k=0

Then, @ (z) can be written as

D(z) = z[n()oZZkBk - ﬂle} (21 — A*(Z))fl.

k=1
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It follows from
won_|2—-Bl) —C@
ZI_A(Z)_[ 0 z—A(z)]’

that

B I o165
(ZI — A*(z)) = [ Z—g(z) [z—B(z)]l[z—A(z)] :| )
z—A(2)

Noting u = bo(moo + 710), and

o
ﬂooszBk —m1Ag
k=1
= 100(B(z) — bo, C(z) — co) — (T10bo, T10¢0 + T1140)
= (mo0B(z) — bo(00 + 710), 00 C (2) — (00 + 710)C0 — T1140)

= (700B(2) — u,u — moo(1 — C(2))),

we have
®(2) = 2(m00B(&) — u, u—moo(1 — C(2))) (eI — A*(2)) "

<7TOOB(Z) —u  C2)(mwooB(z) —u) n u—moo(l — C(Z))> )
z—B(z) " (z—B(2)(z—A(2) 72— A(2) '

Note that the PGF of the stationary queue length at the departure epochs L(z) =
oo + D (2)e. Firstly, we compute

D(2)e
_. (oo B(z) —u)(z — A(2)) + C(2) (7o B(2) — u) + (u — moo(1 — C(2)))(z — B(z2))
(z — B(2))(z — A(2))

_,T00B@ U +2 - A@) = mo02(1 = C@) +u(AR) = BE@) = C@)
' (z— B(2)(z — A2)) '

Then, L(z) has the expression

0 (z — B(2))(z — A(2)) + zlmpo B(z) (1 + 2 — A(2)) — mpz(1 — C(2)) +u(A(z) — B(z) — C(2))]
(z— B(@)(z — Az)) '

(6)

From Lemma 1, y is the root of the equation z = 5,,(9 +A(1 —2)) = B(z), and the
numerator of (6) equals O for z = y. Thus, substituting z = y into the numerator of

(6), and using B(y) =y, we get
ooy [l +y —A(y) = (1 = C()] +u(A(y) —y = C(y)) =0. ©)
Substituting
AY)—y—C)=A) -y —AWVEY) =AM -V©y)) -7,
v[l+7y =A@ —(1-C)]=r{r—AM(1-V©»)),
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into (7), we obtain u = mogy. It follows from (6) that

L(z) = mgo+ P (2)e
(z—B@)(z—A®R) +z[B)(1+z2—A@) —z(1 = C(2)) + y(A(z) — B(z) — C(2))]
00 72— B@)(z— A®)
- A@@)(1 —2)(B(z) —2) + z2(y — 2)(A(z) — B(z) — C(2)) 8)
00 (2= B@)(z—A@) '

Using the normalizing condition L(1) = 1, we can obtain

___ 6a-Gend-p
(1= Gy@)(O + (1 =) = pb(1 = 7)Gy(®)

This completes the proof. 0

&)

00

Let P,(Pp) be the probability that an arbitrary customer is served completely at
the low service rate during a working vacation, denoted by S = 0 (at normal service
rate during a busy period, denoted by S = 1), then

Py, =P{S =0} = (00 + 710)bo + P (2)e1 ;=1
Gu(®) —y Gu®) (1 —y)
~ =T00 ~
1-Gyw(®) 1—Gy(0)
_ 01— p)Gu(©)(1 - y)
(1= Gu@)O +1(1 = y) = p(1 = )Gy (6)

= ooy + 700

where eq = (1,0)7. Similarly,
Pp =P{S§ =1} = (w0 + w10)co + 71100 + P(2)ezl.=1 =1 - P,

_ (1=G@)@+r( —y) — 601 = )Gu(6)
(1=Gy@)(O +A(1 =) = p0(1 = )Gy ()’

where e2 = (0, 7.

4 Conditional stochastic decomposition for L(z)

It is not convenient to use L(z) in (4) to interpret the queue length distribution or to
relate the working vacation model to the classical M/G/1 model. Now based on the
stochastic decomposition method in Shanthikumar [15], we obtain an alternative ex-
pression for L(z). First, we derive the distribution of the queue length at the beginning
epoch of a busy period (the ending epoch of a vacation period).

4.1 The queue length at the beginning epoch of a busy period

Define the queue length at the beginning of a busy period O, and i (k > 1) repre-
sents its probability distribution, i.e.,

w=P{Qp=k}, k=1
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Let the last slow rate (during working vacations) service completion before the
start of a busy period be an embedded point, then Q; = k happens in one of two
possible cases: Case 1, under the condition that the system stays in the vacation period
after the last slow rate service and the current vacation time is not longer than S, i.e.,
V <8y, j (j = 1) customers are left by the last slow rate served customer and k — j
customers arrive during the vacation time V; Case 2, under the same condition, no
customers are left by the last slow rate served customer and k — 1 customers arrive
during the vacation time V. The probability that the system stays in the vacation
period after the last service before the beginning of the busy period and V < §j, is

o
P(J =0,V <8} =) miox P{V < Sy} =moo(1 — y),
i=0

where J represents the system state after one service completion. Thus, we have

k

1

T =P{Qp =k} = m(igﬂjovk—j +7T00vk—1>, k>1.
]:

Multiplying it by z/ and summing over j = 1,2, ..., we get

o0 o0 o0
{Z 7joz) Y vk 2 o0 Y Uk—le}
j=1 k=j k=1

1

_ k_
)= ,2’“ o0 (1— )

1
= ﬁ{@(z)ﬂV(z) + m0zV (2)}

moo(1 —y
I [z(B(z2) —y) 1 zz=py)V()
_1—)/{ z—B(2) +Z}V(Z)_1—y z— B (10)

Evidently, O,(1) =1 and

(1=Gy(@) (@ +1(1—y) —0(1 —)Gy(®) _ Py(1—p)

B = 0(1—y)(1—G,(0)) " 70— p)

4.2 Conditional stochastic decomposition structure for L(z)

As the system dynamics during the normal busy period in our model is the stochas-
tically equivalent to the classical (or non-working) vacation model in Shanthikumar
[15], the results in Shanthikumar [15] can be used to analyze the normal service
period in the M/G/1 queue with working vacations. Note that we can obtain the sta-
tionary distribution of the number of customers at the beginning of the normal service
period.

As in Shanthikumar [15], the service time of every customer is called an active
period and the length of vacation is called an inactive period. Obviously, in our
M/G/1/WV model, the server can work during an inactive period. The server may
be viewed as alternating between active and inactive states if we allow the inactive
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period to have zero length. To keep coherence with results in Shanthikumar [15], let
L*(LT) be the number of the customers at the starting (ending) instant of an inactive
period in the steady state, and L*(z)(L (z)) is the corresponding PGF which will be
used in the proof of the following theorem.

Theorem 3 The PGF of the stationary queue length L at the departure epoch can be
expressed as

1—51(9) B(Z)(z—v)
(1—-9y)Gy(©®) z— B(2)
(I-p)d-2)A) 1-0,@)

L(z)=P,

+ Py . (11
A(z) —z E(Qp)(1—2)
Proof Using the conditional argument, we have
L(z) = E(zL1S=1)P{S =1} + E(z*|S = 0)P{S = 0}. (12)

In an M/G/1 queue with working vacations, we choose the customer departure in-
stants during a normal service period (busy period) as regeneration points, and cus-
tomer arrivals and departures during a working vacation period only affect the devia-
tion L’ — LT . Therefore, applying (2) in Shanthikumar [15], we obtain

E(ZF1s=1)= E(zV)E(Z¥),

where N is the number of customers in a classic M/G/1 queue without vacations. N
and the additional variable X have the PGFs

E(N) = 1-pd —Z)A(Z)’ E(¥) = L*(2) — LT(Z)’
AR) -z 1=p1=2)

13)

which is based on Lemma 1 in Shanthikumar [15].

Here, as we explained above, under the condition S = 1, one customer is served
in the normal busy period and the queue length L left by this customer can be zero.
Thus, the expression for E(z%|S = 1) should not be E(zV|N > 0)E (z¥).

Certainly, for this system,

E (2418 =0) = P, (oo + m10)bo + P (2)er)

_ o, B@G—y) _ 1-Gy®) BQ)G-y)
=L, 700 = ~ .
z— B(2) (1-y)Gy() z—B(z)

(14)

Note that LT = k(k > 1) includes two disjoint cases: (1) L® = k, if there is a
zero length inactive period between two successive active periods (two continuously
performed normal services); and (2) L® = 0 and there are k customers in the system
when a working vacation ends. Therefore, we have

P{L" =k} =P{L* =k} +P{L* =0}n, k>1, (15)
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and P{LT = 0} = 0. From (10), we can obtain the relationship
LT (z)=L*(z) = P{L’ =0}(1 — 05 (2)).

It follows from (13) that

B(¥) < P =010 = 00(2)
T A-pU-2

Using E(zX)|.—1 =1, we get P{L* =0} = (1 — p)(E(Qp))~!, and

X\ _ 1 — Qp(2)
EE) = Fana-o

Thus, it follows from (12) and (13) that (11) holds. O
Remark 1 Equation (11) and (4) can be shown to be equivalent. Note that

L(z) =m0y + P (2)e1 + moo(l — y) + P(2)ez.
From (14), we have

1— 51(9) B(Z)(z—v)
(1-y)Gy®) z—Bk)

ooy + P(z2)e1 = Py

It is sufficient to verify the relation

5 (1= (1 =AQ) 1= ()
"TTTA@ -z EQn(-2)

Substituting Qp(z) into the left hand side of (16) and using E(Qp) = Pp(l —
p)(oo(1 — ¥)) ™!, we obtain

(I=pd-2AE) 1-0,@)
A(z) —z E(Qp)(1—2)
=)V -1 -y)z-B[)
(z = B(2)(z - A2) '
Similarly, computing the right hand side of (16) yields the same expression. There-

fore, (11) and (4) are equivalent.
Accordingly, the expected queue length is shown to be

=m(l —y)+ @(2)ez. (16)

Py

=m0 A(2)

E(L):Pv{~ﬁ + L __1-# }
G, 1—y 1-G,0)
220 E(Qp(Qp— 1) }
P 9
* ”{p+2(1—p) 2E(Qp)

where B is defined in Sect. 2.
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5 Stationary queue length at the arbitrary epoch

Let J(¢) be the system state (or server status) at any time z, i.e., J(¢) equals O
or 1, if the system is in a working vacation or a busy period, respectively. Then
X (t) = (L(¢), J(t)) forms a continuous-time Markov regeneration process. Define
the limiting distribution of X (¢) by

poo = lim P{L(t) =0, J(1) =0},
11— 00

paj=lim P{L@)=nJ(0)=j}, n=1,j=0.1.

To obtain the expressions for p,j, we consider another stochastic process
(L(t) J (t)) where L(t) denotes the queue length at the most recent departure, and
J (t) equals 0 or 1 if the system stays in a working vacation or a busy service period
after the most recent departure, respectively. Clearly, (L(t) J (1)) is a semi-Markov
process (SMP) having (L, J,) for its embedded Markov chain. Let yx; be the so-
journ time in state (k, j) in (L(z), J(t)) process. Then

P{Sy <1} =Gy (1),

k>1, j=1;
P{S, <t,V>S8,1+P{V+S,<t,V<S,}=F(@),
P{)/kj<t}= {kv>1 jzo'v} { b v} ()
PA+ S, <t,V>S8}+PA+V+S,<t,V<S}=A1) % F(1),
k=0, j=0,

where * represents “‘convolution operation”. Thus, we have

1

- k>1, j=1;
Hb -

mij = E(yij) = | (g + )1 = Gu(®)), k=1, j=0;
F+GE+DHU-G0), k=0, j=0.

Let v be the steady-state probability that the SMP (L(r), J (1)) is in state (k, j).
From the SMP theory in Gross and Harris [7], we have

nkjmkj

Ylo o Thimni

where {mg;, j =0, 1; k> 0} satisfy the equations in (3). It follows from the results

Ukj =

in Theorem 2 and expressions for my; that Z}:O ZZO:, wpimp; = 1/A. Therefore,

ATt 1Mk = Pk, N k=1,
uj = { Aromeo = (0 + 5)(1 — Gy (9))7ko, k=1;
Atomoo = (1+ (o + 5)(1 = Gu(@))m00, k=0, j=0.

Forn >0, j =0, 1, the limiting distribution of (L(¢), J(¢)) has the following expres-
sions (see in [7]):
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Puj = Z Z Uki

tOkl

o
X / P {required changes in ¢ to bring state
0

from (k, i) to (n, j), ki > t}dt.

First, we find pgo. Because of the fact that no arrivals occur in ¢ means ygg > t, we
have

o0
Uoo . . Uoo _
Poo = — P {no arrivals occur in ¢} dt = — e Mdt =mp.  (17)
moo Jo moo Jo

Forn > 1, j =0, we have

voo

Pn0= ——
moo Jo

P{(n — 1) arrivals occurin¢, V >t, ypo > t}dt

+ Z —P{(n — k) arrivals occurint¢, V > ¢, yxo > t}dt

)l
:)Jro()/ (( )1), MRV > Sy, Sy > 1)+ PV > 1,V < S,)) dr
0

n n—k
+Aznk0/ ((M) ol eH(PV > Sy, Sy > 1} +P(V > 1,V < 8,)) dr
-

0" (7 e ®  _ou
Z)»ﬂoo/ e / e ""dGy(u) +/ Oe (1 — Gv(u)) du ) dt
o (m—D! t t
o0 ()\'t)nfk

+A —

;”"0/0 n—k)!

x e—)“[ </ efeu de(u) +/ eefeu(l _ GU(”)) dl/l) dt
' t

o0 ()J)" ()»l)n k o
= 1—Gy(t dt. 18
/ (ﬂoo(n e Z T e ) (1= Gu)e (1)
Similarly, forn > 1,
(Ay"™% _
Pnl = XZ;TH/ o e MP{S), > t}dt
()‘t)n * oM
+k 7Tk0 P{V<t,V<8,,V+S8p>t}dt

—k)!
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+ A ww —MpLy V<S,V+S d
00 e (V<t,V<8,V+S>tldt
o (m—D!

o't
_xz kl/ PR e M (1—Gp(1))dt

00 ()\l)n 1 Yy t 0
+k/ 00 e / Oe “(I—Gv(u))(l —Gb(t—u))dudt
0 (n—D!

()»l)n k o t i
+x/ ano /Qe “(1=Go@)(1 = Gp(t — u)) ducd.
0

k)'
19)
Then we get the limiting distribution py; of the system at an arbitrary epoch.
Define the z-transforms of p,; and p,g as
oo o
Py@)=Y pmz", P =) pai",
n=1 n=0
respectively. Utilizing (18) and (19), we easily get
0 00
P,(2) = oo + A <rrooz + anozk> f e M1 — Gy(1))e " at
0
k=1
~ ~
1 -Gy +A(1—2))
=moo + M| ooz + kot ’
00 (00 ; k0 ) I+ —2
o ~
1 -Gp(r(1—-2))
P, )= A TT, Zk—
b (2) ]; ki =2
. ~ ~
(1 —Gy(@+A(1—2)) 1 —Gp(r(l —2))
+ Al mooz + mroz* .
(°° k:zl “ ) 0+2(1—2) (1 =2)
(20)

Obviously, the stationary distribution of the queue length at an arbitrary epoch is
given by

po= lim P{L(t) =0} =poo.  pn= lim P{L(t) =n}=pu1+puo. n=1.

Using the expressions for A(z), B(z) and C(z), the PGF of {p,,n > 0} can be ex-
pressed as

P(z) = Py(2) + Py(2)

o0
1-A(z)
. k
—7TOO+ZJTI<IZ 71 —
k=1
o0
1—-B(iz)—C(z
+ (nooz+2nkoz"> 1= 8@ ), 1)
P 1—z
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Substituting @ (z)e1, @ (z)e> into (21), after routine algebraic manipulation, we ob-
tain

P(z) = L(2),

which demonstrates the relationship p,, = 7, n > 0, which indicates the fact that the
stationary queue length distribution at arbitrary epochs is the same as that at departure
epochs. In other words, PASTA (Poisson arrivals see time average) property also
holds in the M/G/1 queue with exponentially working vacations.

Remark 2 As the special case (exponential working vacation) of the model in Wu and
Takagi [18], (4) can be verified to be in agreement with (50) in Wu and Takagi [18].

6 Waiting time analysis

Let W and W(s) be the stationary waiting time and its LST, respectively. Because it is
possible for each customer to be served during either the normal service or working
vacation period, the service time is different for the two possible service periods.
Define the conditional waiting times as

Wy ={WI[S=1}, Wy ={W[§ =0},

with Wb (s), VT/U (s) representing their LSTs.

For a customer served during a busy period, the customers in the system left by
this customer are those arrived during his/her waiting time W;, and normal service
time Sp. Because, if the service of a customer is not complete at the end of the va-
cation, he/she will be served at the normal service rate as a new customer, we regard
the elapsed service time of the interrupted customer as part of his/her waiting time.
Thus, we have

E(ZH1S=1) = W, (x(1 — 2))Gp(x(1 — 2)).
Substituting s = A(1 — z) into the equation above, we have

(1 —p)s A1 = 0p(1—=3))
s —A(1 = Gp(s)) E(Qp)s

Wi (s) =

Theorem 4 The conditional waiting time Wy, can be decomposed into the sum of
two independent random variables: Wy, = Wy + Wy, where Wy is the waiting time of
a classic M/G/1 queue without vacation. Wy and the additional delay Wy have the
LSTs

(1—p)s ~ A1 =0p(1 =)

Wa(s)

A Cl) R _
R YRS AT E(Qp)s

Similarly, for W,,, we have
E(z51S =0) = Wy (A(1 — 2))Go(2(1 — 2)).
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Substituting s = A(1 — z) into the equation above yields

Wy (s) = 1-Gy(®) Gu@+s)s—r1—y)] 1
v _(1—)/)51,(9) S—A(l_év(9+s)) év(s).

Thus, the LST of the unconditional waiting time W of any customer is given by

W (s) = P{S = 0} W, (s) + P(S = 1} Wy (s)
1-Gy(0) Gy@+s)s—r(1—p)] 1
"A=)Gu®) s—A(1=Gy(0+5) Gyls)
(1=p)s (1= 0p(1=3)
s — M1 = Gp(s)) E(Qp)s

+ Py (22)

It follows from (22) that the mean E (W) and second moment E (W?2) are found to
be

E(W)=Pv{l|:~ﬁ + L 1-# }—i}
ALGu0)  1—y 1-G,0)]
AP E(Qp(Qp— 1)) }
2(1—p) 20E(Qp)
A
221 —)Gy(0)(1 — Gy(6))?

N P{ pPoP (1) 3@ —2a(1-pp® 0P () }
120 = pEQs) 6(1 - p)? 312E(Q) |

+Pb{

EW?* =P,

where Q,(Jk)(l) represents the kth order derivative value for Qp(z) atz =1,

A=GP @1 —y)(1 - Gv(e))<x +2(1-8) +2Mi(1 - 5v(9)))
— 20— (1=G,®)°e? —2G,0)(1 - G,6))’
A A \?
()
My My

~ ~ A ~
+2(1 - ﬂ)((l = B)G(O)(1 =) +Gy(@) (1 —y)—(1 - GU(Q))>,

v

and

o0
GP®) = /0 x2e 4G, (x).
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7 Busy period analysis

The duration in which the server works at the normal rate continuously is called a
busy period, denoted by Dj. A busy period starts at a vacation completion instant
with a non-empty system and ends at a regular service completion with an empty
system. Let D, be the total working vacation period which begins at the end of a
busy period and ends at the start of the next busy period. Obviously, during D,, if
there are arrivals, the server will work at the low service rate. A busy cycle C is
then defined as the sum of a working vacation period D,, and a subsequent busy
period Dy.

We first give the busy period and its distribution function in non-vacation classic
M/G/1 queue, denoted by D and D(x), respectively. It follows from the classic busy
period analysis of M/G/1 queue in Cohen [3] that

X px j—1 .
Dx)=P(D<x}=)_ / (M;./ e dp{SY) < u) (23)
0”0 :

where S l(,j ) is the j-fold convolution of Sp,. And its LST 5(s) satisfies the equation
D(s) = E(e™*P) = Gy[s + 1(1 — D(s))],

and
E(Sp)

E(D):l_p.

7.1 Busy period distribution

In our model, if there are k customers at a vacation completion instant, i.e., Qp =k,
due to the memoryless property of the arrival process, the conditional busy period
{Dy|Qp = k} is the k-fold convolution of D, i.e.,

{DylQp =k} = D).
Therefore, the distribution of the busy period length D, is obtained as
oo oo
P{Dy <x} =) P{Dp <x|Qy =kIP{Qp =k} =) DX (0)n.
k=1 k=1

Denoting the LST of Dj by 51, (s), we have

Dy(s) = E(e™*) = > "E{e™P|Qp = k}P{Q) =k}

M2 1M

(E(e™*")) 5 = 05(D(s),

~
I
<
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where Qj(z) is given as in (10). Furthermore, E(Dy) is found to be

(1= Gu)(@+A1(1—y)) —0(1 — y)évw)_

E(Dp) = E(Qp)E(D) = G
(Dp) (Op)E(D) up(l —p)o(1 —y)(1 — G,(9))

7.2 Working vacation period distribution

Let a random variable U be the number of vacations continuously taken after a busy
period, then D, must be the sum of U vacations. If the server takes k vacations during
the working vacation period, i.e., U = k, it means that there are no customers in the
system at the end of jth vacation where j = 1,2, ...,k — 1, and there are customers
in the system at the end of kth vacation. Letting p be the probability that there are no
customers in the system at the end of a vacation, we have the probability distribution
of U as

PU=k}=p"'(1—p), k=1

The key is to find an expression for p. If one vacation length is fixed, then there
may be several times to make the system empty due to possible customer departures
during this vacation. The instant of the system becoming empty each time in this fixed
time length is equivalent to the ending instant of a busy period in the classic M/G/1
queue with the service time S,. Thus, assume the busy period with the service time
Sy as DV, and it follows from the results in Cohen [3] that

o0 o
D'(x)=P|{D" <x} = ZP{D” <x,M=j}= ZDj(x),
j=1 j=1

where M represents the number of customers served during the busy period DV.
Then, the LST of DV satisfies

DV(s) = Gy[s + 1(1 - D'()].

where 13; (s) is the LST of DY(x).

Then, if we see j (j > 1) customer arrivals during one vacation, k busy periods
may be formed, fork =1, 2, ..., j, and all j customers are served completely during
this vacation. Let Y = Y| + Y> + - - - 4 Y be the time interval from the beginning of
this vacation to all k busy periods ending during this vacation, where Y; = A; + D/
represents the sum of the interval from the end of the previous busy period to the
ith arrival causing the ith busy period to start, and the ith busy period. Note that
Y1, Y, ..., Y, form a series of i.i.d. random variables with A + DV. Meanwhile, M;
is the number of customers served during the ith busy period. M;’s are i.i.d. random
variables, denoted by M. Then fori =1, 2, ..., k, we have the joint distribution

H(x)=P{Yi<x,Mi=1}=AxD/(x), [>1,
and its LST

H(s) =/Ooe_”dHl(x) = Ll~)”(S)
0 A4s L7

@ Springer



Queueing Syst (2009) 61: 139-166 159

Then we get

o
p:f Ge e M dt
0

00 0 J
+/ Qe_Q’ZZP{Y<t<Y—I—A,M1+M2+~~+Mk=j}dl
0 .
j=1lk=1

oo 00
+k+9 ZZ Z /() e_eudHnl(“)*an(“)*"'*an(M)

j=1k=1 ni+ny4-+ng=j,
ny,ng,...,ng>1

oo
=L+LZZ > Hy@8,0)-- 7,0

e — A k& ~ ~ ~
() X T Beke-Re

ny,ng,..,ng=>1

k=1 =1
6 6 =/ 1\ 6
= D)) = ————, 24
A+9+A+9]; k+9>( ()) 0+x1(1—-y) 9
where we use the relationship DY 0) = [9 + A(1 — DY (0))] which shows

DU (9) —
Then the distribution of the vacation number U on D, is obtained. Obviously, we
get the distribution function of D,

o0 o0
P{D, < x} = Z V(k) <X P{U k} = Z(l — p)pk_lP{V(k) <x},
k=1 k=1

where V& represents the k-fold convolution of the vacation time V. Furthermore,
the mean E(D,) is shown to be

E(V) 1 1
1—p_5+x(1—y)'

Certainly, for the busy cycle C, we have

E(D,) =

P{C <x}=P{Dp + D, < x}
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and the mean E (C) can be computed as
E(C) = E(Dp) + E(Dy).

In fact, denote J the system state at the arbitrary epoch, then from the results in
Sect. 5, we have

O +2(1=y)(1= @)1= p)_
(1= Gu(6)(@ +2(1 =) = p6(1 = 1)G(6)’

o0
P(J=0}=)  puo=
n=0

]

P =123 g = 20 =GO +30 = y) ~00 = 1)Gu(0)
L =TT 0)@ + (- 1) — p0(— 1) o(0)

We can also compute these probabilities by using

P = 1) = E(Dy) E(Dp)
' E(C) EDp)+EDy)’
P(J = 0} = E(D,) _ E(Dy)

E(C)  E(Dp)+E(Dy)’

Remark 3 The mean results in the cycle analysis above are in agreement with those
in Kim et al. [8]. Meanwhile, with the expressions for the state probabilities, we can
further show the conditional queue-length distribution given the server is (or not)
on the working vacation at the arbitrary epoch. By the definition and expression for
Py(2), Pyp(z) in (20), after some computation, we can verify that

P,(2) 6 0z Mz—v) 1—=B()
Py(z) = = + ,
PJ=0] 6+r(—y) 6+r(l—-20+r(l—y)z—B()
Py @ 1-¥@ 1-pz-AQ)
PTPRU=1 v (-2 p z1—AGR)
where

0z z—y 1—B(2)
0+r(1—2)1—yz—B()

The results for the conditional queue lengths at the arbitrary epoch are the same as
those in Kim et al. [8].

Y(z) =

8 Some special examples

In this section, we show that some vacation models in the literatures published previ-
ously are special cases of our model.

Example 1 The M/G/1 queue with classical (non-working) vacations.
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If the server does not serve customers during the vacation period, then G, (s) =0
Thus some quantities in our model become zero, i.e.,

B@)=0, G,6)=0, y=0, B=0, P,=0
Substituting these zeros into (11), we obtain

(1-p)(1=2)A(2) 6
A(z) —z 0+A1(1—2)
_(=pd —2)Gp(A(1 = 2)) 0
Gy(M(1—2)) —z 0+Ar(l—2)

L(z) =

which is the PGF of the queue length L in the M/G/1 queue with exponential vaca-
tions. The mean queue length is

22p@ A
E(L) = N
(L) p+2(1_p)+9

The LST and mean of the waiting time are

W (s) = (1—p)s 0 E(W) = A L1
s —A(1=Gp(s) 0 +s’ T2(1—p) O

All these results are in agreement with the results of M/G/1 queue with exponential
vacations reported in [15]. Furthermore, the expected busy period, busy cycle and
vacation period are given by

1 A0 A+0 1 A+0
E(Dp) = —————1, E(Dy) = ——, EC)=—————
up(l—p) 6 A0 Al —p) 6

Example 2 The M/M/1 queue with working vacations (M/M/1/WV).

If service times Sp and S, all follow the exponential distributions with parameters
up and p,, respectively, the system becomes an M/M/1/WV studied in Servi and
Finn [14] and Liu et al. [9]. Now we have

Go(s) = —2

s) = .
Gl uv+s [p + s

Thus, y is the root of the equation

_ Mo
Uy +60+X1(1—2)

in the range of 0 < z < 1, and the other root ¥’ > 1. They are obtained as

My
y = Z)L()»-f-e'f—/iv \/()\"‘9"‘#1))2 4)‘/’“}):77/*’
1 2 *\—1
y'= 2A(x+9+uv+\/(k+9+uv) —dhpy) = ()
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To relate the results to those in Liu et al. [9], we introduce y*. First, we compute 7o
as,

(I —-p)o 1—p
60—y —1) 142 52 o — o)

00 =

Because y satisfies,
A% = G40+ )y + oy =0,

after some algebraic manipulation, we have the relation,

Mo 0
— =0+ +rll-y)=——+Ar.
v 11—y
Thus,
0 _ M Py —Ary Al —y")
1- Y Y y*
Substituting it into the expression for oo,
oo = (1—=p)1—y")
- — Ky
1 V*Mb

Using (4), we have
A(z)(l —2)(B(z) —2) +z(y —2)(A(z) — B(2) — C(2))
(z—=B(2)(z—A(2))
p(1 =2y — @ + py + A1 = 2))z] + 2(y — DA (p — o)1 —2)
[0 + oy +A(1 —2))z — pol[(up + A(1 —2))z — upl

( 1 Al — %)z(y —2) >
= 00 + .
I—pz  [py— O+ py+2A(1—2))z](1 — p2)

L(z) =

Because y and y’ are the roots of the equation
A2 — (A + 0+ w)z + iy =0,
then,
— 0+ + 20 =2z =222 = 40+ )z + po =Mz — ¥z —¥).

Using the relationship (") ™! = y* and substituting 7o into L(z), we get

1—pz + z—y)z—=y)1—p2)

1 1= Be o«
:7‘[0()( + b J/Z )
1—pz 1—pz1—-y*z

B 1—,0( 1 —p* LY A=) a—y *)z)

1= _ Ko _ MKy _
1 —pz\1 V*#h 1 *uh 1 —y*z

1 1—-Ez(y -2
L(z)=noo< w2V )

(25)

@ Springer



Queueing Syst (2009) 61: 139-166 163

and

-1 %
ELy ="y (1) (1" L (26)
1—p b b 1 —yp*

These results are in agreement with those in Liu et al. [9]. Meanwhile, letting z =
Y = (y*)~!, we further derive

L@ = 1—p 1—y*< 1—y*z V*(l—Mv/Mb)Z>
1—pz1—y*z\ 1 —y*uy/1mp L —y*po/mp
o l=p T=y" 1=y uy/up
l=—pzl—y*z1—y*uy/mpz
1

*

_d=p 1280 1= /()
1—pz 1 =312 1 — py/(up2)z’

which also is the same as (1.1) in Servi and Finn [14]. Then, we obtain

_(I—p)lry* Pb_l—%y*
v — _ @ ’ - _ &
1 y*ﬂb 1 y*ﬂb

The LST of the stationary waiting time is

W(s) = PyWy(s) + P Wy (s)
_ fA—pyt I A0 = By +5)
(I—py A =By s — (= 5)(0 +5)

1 —y* (1—,0)(,ub+S)[G(A—S)(?»—S—V*Mu) ( Mo *)]
T + Al ——y .
(= B 56— G L s = G =9 @ +9)

+

A

The expected waiting time is given by

1 1 o ()32 ﬂ( M*>l
EW)= —— + — ] —— —o(1 — 1— — . (27
(W) ;L,,(l—p)JrA(( A)l_y* p(l—=y7) 4 (27)

Meanwhile, the expected busy period, the expected vacation period, and the expected
busy cycle are

0 —(1—y)(y —A) EDy =ty L
Oup(l—p)(1—p) " T a1 —-y)
0o~ + (1 — ) (up — o)

Oup(1 —p)(1 —y)

E(Dp) =

EC) =

Thus, taking different service time distributions, we can obtain the results of vari-
ous special M/G/1 queues with working vacations or classic vacations.
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9 Numerical results

In this section, we present some numerical examples for the M/G/1/WV queue with
several service time distributions such as deterministic (D), exponential (M), and
Erlang (E7).

First we consider the model denoted as M/(D1, D3)/1, where the service times
Sp, Sy are deterministic, and S, = ,u;], Sy = Uy I with parameters taken as up =
2.0, =1.25.

Figure 1 shows how the expected queue length changes with the working-vacation
service rate w, at different 8 values and different p values, respectively. Similarly,
Fig. 2 shows how the expected waiting time and the probability of a customer being
served completely at the normal service rate change with p,. Clearly, these two fig-
ures show that in general the expected queue length, expected waiting time and P,
all decrease with u,. Figure 3 shows the relation between the expected queue length
or expected waiting time and p, for an M/(M, E,)/1 queue, where S;, follows the
exponential distribution with the rate of u; and S, follows an Erlang-2 distribution
with the mean p,. In both Figs. 1 and 3, we can examine the effects of the vacation
rate 6 on the performance measures such as the expected queue length. It has been

3.4 45 . : .
E——y Frreee —— p=03
3ol ab e, -0 p=0625 ||
*ow | % p=0.85
+
3r 35 ]
F= £
528 Bl
] s
2.6/ ©
% g5t
3
24 5,
° T 2p -0 0 0- o- o_
o L o ®-5 -
.gz.z H M S
& 5 %1.5 5%}—()_&0_
w w
1.8} T 1
1.6 O'SM
14 . . . . . . . h o . . . . . . . .
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illustrated that the expected queue length is decreasing in 6 and the effect of 6 be-
comes smaller and turns to zero when , = up = 2. Another extreme case is when
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1y = 0 (no service during the vacation period or the classical vacation model), the
effect of 0 is largest.

Figure 4 illustrates that E(W) increases with p. Note that the effect of & on E(W)
is relatively small compared with that of p on E(W).

Finally, in Fig. 5, we compare several models with different service distributions
in terms of the expected queue lengths. The similar quantitative effect of the working-
vacation service rate on the expected queue length has been demonstrated.
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