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Abstract:

We compare the optimal operating cost of the two bicriterion policies, <p,T> and <p,N>, for an M/G/1 queueing

system with second optional service, in which the length of the vacation period is randomly controlled either by the number of
arrivals during the idle period or by a timer. After all the customers are served in the queue exhaustively, the server immediately
takes a vacation and may operate <p,T> policy or <p,N> policy. For the two bicriterion policies, the total average cost function per
unit time is developed to search the optimal stationary operating policies at a minimum cost. Based upon the optimal cost the
explicit forms for joint optimum threshold values of (p,T) and (p,N) are obtained.
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INTRODUCTION

Queueing systems with vacations effectively
arise in the stochastic modeling of many computers
and communication systems, manufacturing/produc-
tion, and inventory systems. Several excellent surveys
on vacation models have been done by Doshi (1986).
In general, in order to control the length of the vaca-
tion period we either use a timer T [known as T policy
by Heyman (1977)] or a queue length N [known as N
policy by Yadin and Naor (1963)]. Considerable ef-
forts have been devoted to studying the two types of
controllable queueing models by (Teghem, 1987;
Gakis et al., 1995; etc.). This has also given rise to a
vast and rich literature, from which we can review the
survey by Tadj and Choudhury (2005). One particular
interest is a randomized control over the length of
vacation period, which can be achieved by consider-
ing T policy or N policy. In this paper we examine the
randomized control of T policy and N policy, and
carry out comparison on the minimum cost criterion
for two bicriterion policies.
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The server deactivates and leaves for a vacation
with fixed length of time T whenever the system is
empty. After a vacation period of length T, the server
returns to the system. It begins to serve if there is at
least one customer on the waiting line; otherwise, the
server waits another period of length T and so on until
at least one customer is present. This kind of control
policy is called ‘T policy’ and the T policy for the
M/G/1 queueing system was investigated by (Levy
and Yechiali, 1975; Heyman, 1977; Gakis et al.,
1995). Recently, Tadj (2003) has studied an M/G/1
quorum queueing system under T policy with a reli-
able server where ‘quorum’ is a bulk service that the
server waits until the number of waiting customers
reaches a fixed accumulation level y (y>1). Ke (2005)
studied a variant T policy for the M/G/1 queueing
system with an unreliable server and startup where a
single server may take at most J vacations repeatedly
until at least one customer appears in the queue upon
returning from a vacation, and the server needs a
startup time before starting each of his service periods.
The optimization work of a variant T policy for the
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MM/G/1 queueing system with at most J vacations
and startup/closedowns was examined by Ke (2008).
Our vacation policy in this paper differs from the T
policy discussed by the authors mentioned above. We
consider the <p,T> policy for an M/G/1 queueing
system with second optional service where a single
server randomly reactivates when at least one cus-
tomer appears in the queue upon returning from a
vacation.

Yadin and Naor (1963) first introduced the con-
cept of an N policy, which turns the server on
whenever N (N>1) or more customers are present,
while turns the server off only when none is present.
For a reliable server, the N policy M/G/1 queueing
system was first studied by Heyman (1968) and was
developed by several researchers (Tijms, 1986;
Teghem, 1987; Takagi, 1991; Lee et al., 1994a; Gakis
et al., 1995; Wang and Ke, 2000). Analytic steady
state solutions of the N policy M/H,/1 queueing sys-
tem were first obtained by Wang and Yen (2003). For
an unreliable server, Wang (1995; 1997) and Wang et
al.(1999) derived analytic steady state solutions of the
N policy M/M/1, the N policy M/EJ/1, and the N
policy M/H,/1 queueing systems, respectively. Wang
et al.(2004) extended Wang and Yen (2003)’s system
to an unreliable server case. As for N policy queueing
systems with vacations/startup, the readers may refer
to (Kella, 1989; Lee and Srinivasan, 1989; Takagi,
1991; Medhi and Templeton, 1992; Lee et al., 1994b;
1995; Lee and Park, 1997; Zhang et al., 1997; Hur
and Paik, 1999; Ke, 2003), and so on. Our N policy in
this paper differs from the N policy discussed by the
authors mentioned above. We consider the <p,N>
policy for an M/G/1 queueing system with second
optional service where a single server randomly re-
activates when queue length reaches a predetermined
threshold since the end of the busy period.

For the optimization work of T policy and N
policy, Table 1 summarizes some important results
from the past literature.

Recently Madan (2000) has investigated an
M/G/1 queueing system with a second optional ser-
vice, in which some of arrivals may require a second
optional service immediately after completion of the
first essential service. In (Madan, 2000), the service
times of the first essential service were assumed to be

a general distribution and those of the second optional
service were exponential. Also he cited some impor-
tant applications in daily life situations. Madan
(2000)’s work was extended to ‘optional service’ with
general distribution case by Medhi (2002).

In this paper, we examine the finding of the two
optimal bicriterion policies that yield the minimum
average cost for an M/G/1 system with holding cost
and setup cost, where a holding cost of Cy, per unit
time is for each customer in the system and a fixed
charge of Cs is to activate the server. It is assumed that
customers arrive according to a Poisson process with
rate 2. A more general case for a customer service is
considered. All arriving customers require the essen-
tial service. However, some customers may further
demand a second optional service. On completion of
the essential service, the customer may leave the
system with probability 1—p or may opt for the second
optional service with probability p. The times of the
essential service and the optional service are assumed
to be random variables S; and S,, respectively. Ar-
riving customers form a single waiting line based on
the order of their arrivals; that is, they are queued
according to the first-come, first-served (FCFS) dis-
cipline. The server can only provide either the essen-
tial or the optional service for one customer at a time.
A customer who arrives and finds the server being
busy or on vacation must wait in the queue until
he/she is available. After all the customers are served
in the queue exhaustively, the server immediately
takes a vacation and adopts two bicriterion policies:

(1) If customers are found in the queue after T
time units have elapsed since the end of the busy
period, the server serves the customers (i.e., starts his
busy period) with probability p or leaves for a vaca-
tion of the same length T with a probability 1-—p.
When a busy period begins, the server is kept in the
active state until the system is empty. If no customers
are found we say a busy period of zero occurs. In
either case, the server takes another vacation with the
same length after the end of a busy period. This is
so-called <p,T> policy.

(2) If the number of arrivals reaches N, the server
serves the waiting customers with probability p or
keeps going on vacation (idle) with probability 1-p.
This is so-called <p,N> policy.
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Table 1 Some results of optimization work for T policy and N policy systems

Control policy and

queueing types

References

Solutions of the
optimal policy

Techniques for
optimization

Remarks

Case 1:

T policy for
M/G/1 queueing
type

Heyman, 1977

e Show that the optimum
solution exists

« Explicit closed-form of the
optimum solution is ob-
tained

 The optimum solution is
obtained using the ‘first
derivative test’ (FDT) and
the ‘second derivative
test’ (SDT) from a Cal-
culus handbook (Stewart,
1995, p.197, 203)

« Single decision variable

¢ Show that the T policy is
not superior to N policy
based on the optimum cost
criterion

Case 2:

N policy for
M/M/1, M/E\/1,
M/H,/1, M/H,/1,
M/G/1 queueing
systems

Wang, 1995;
1997; Wang et
al., 1999; 2004;
Wang and Ke,
2000; Wang and
Yen, 2003

e Show that the optimum
solution exists but find the
approximate

» The approximate optimum
solution is obtained and this
existing optimum solution is
not an explicit form

e The approximate opti-
mum solution is obtained
using inequalities and the
concept of the FDT from
a Calculus handbook
(Stewart, 1995, p.197)

« Single decision variable

« The proof for the existence
of optimum solution is not
severe and completed

Case 3:

N policy for
M/G/1 queueing

Kella, 1989; Lee
and Srinivasan,
1989; Lee et al.,

e Show that the optimum
solution exists
¢ One cannot obtain the

A procedure (algorithm)
is developed to find the
optimum solution

« Single decision variable

type with vaca- 1994a; 1994b; explicit closed-form of the

tion/setup 1995 optimum solution

Case 4: Hur and Paik, ¢ One cannot show that the < A procedure (algorithm) e Single decision variable
N policy for 1999; Ke, 2003 optimum solution exists is developed to find the

M/G/1 queueing
type with vaca-
tion/setup

e One cannot obtain the
explicit closed-form of the
optimum solution

possible optimum solu-
tion

Case 5:

N policy for
M/G/1 queueing
type with vaca-
tion/setup

Lee and Park,
1997; Zhang et
al., 1997; Ke,
2008

* One cannot show that the
optimum solution exists
 Possibly find some prop-
erties of the total average
cost

e One cannot obtain the
explicit closed-form of the
optimum solution

A procedure (algorithm)
is developed to find the
possible optimum solu-
tion

« Two decision variables”

Case 6:

<p,T>and <p,N>
policies for
M/G/1 queueing
system

This paper

e Show that the optimum
solution exists for the <p,T>
and <p,N> policies, respec-
tively

e Explicit closed-forms of
the two optimum solutions
are obtained

 Provide an analytical and
numerical comparison on
optimum cost between the
<p,T> policy and the <p,N>
policy

e The optimum solutions
of two random control
policies are  derived
merely using the FDT and
the ‘test for monotonic
functions’ (see Sections 5
and 6), rather than using
the SDT for function of
two variables (Stewart,
1995, p.196, 814)

 For the optimization of
two variables considered
in this paper, the FDT and
the ‘test for monotonic
functions’ are easily im-
plemented with no con-
straints

» The two bicriterion policies
considered in this paper are
new

* Note that the exact optimal
solution of Case 2 can be
deduced as a special case of
the results developed in this
paper

« Two decision variables”

e We analytically show that
the <p,N> policy is superior
to the <p,T> policy based on
the optimum cost criterion

* We perform an analytical
and numerical comparison
for two bicriterion policies

e The optimum solutions of
two random control policies
are easily computed for
practitioners and managers

“ It is very difficult to obtain the analytical optimum solutions of two thresholds for the controllable queueing systems including combined T
policy and N policy (Lee and Park, 1997; Zhang et al., 1997; Hur et al., 2003; Tadj and Ke, 2005)
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The organization of this paper is as follows. First,
we present some results of the classical control poli-
cies for M/G/1 system with second optional service.
Second, we develop some important system charac-
teristics for the <p,T> policy and <p,N> policy M/G/1
system with second optional service, which is such as
the expected length of the idle period, busy period,
busy cycle, and the expected number of customers in
the system. Third, we construct a total average cost
function per customer per unit time for the two bic-
riterion policies and then obtain the explicit forms for
the joint optimum values of (p,T) and (p,N) under the
minimum cost criterion. Finally, we perform ana-
lytical comparison on the optimum cost criterion for
two bicriterion policies.

CLASSICAL CONTROL POLICIES FOR M/G/1
SYSTEM WITH SECOND OPTIONAL SERVICE

In this section, we respectively develop the sys-
tem characteristics for the T and N policies M/G/1
system with second optional service by means of
results of (Heyman, 1977; Wang and Ke, 2000; Medhi,
2002).

Some results for the T policy

We denote by It and B+ the idle and busy periods,
respectively, for the T policy M/G/1 system with
second optional service. Let Ct denote a busy cycle,
which is a sum of consecutive idle and busy periods.
From (Heyman, 1977; Medhi, 2002), we have the
following formulas:

E[I,]=T, 1)
E[B;]=pT /(- p), )
E[C,1=T /- p), @)

where p = A(E[S,]+ rE[S,]).

Moreover, let Lt represent the expected number
of customers in the T policy M/G/1 system with
second optional service. Utilizing the results by
Heyman (1977) and Medhi (2002) again, we obtain

2 2
£+ +M':ﬂ+|_, (4)

L - :
T TP =) T 2

where
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, _ E[S1+2rE[S JE[S,]+E[S;]
- (E[S]1+ rE[S,])*
P+

2(1-p)

11

L=p+

Some results for the N policy

We develop important system characteristics for
the N policy M/G/1 system with second optional ser-
vice. Let us define the following notations: Iy the idle
period random variable, By the busy period random
variable, Cy the busy cycle random variable (idle
period + busy period), and Iy the expected number of
customers in the N policy M/G/1 system with second
optional service.

Similar to analysis in previous section and using
the arguments by Wang and Ke (2000), we obtain the
following results:

E[l,]=N/2, ()
E[By]1=pN/[AQ1-p)], (6)
E[C\]=N/[A(1-p)], (7
L, =(N-1)/2+L, )

where p, ¢ and L are given in the previous subsec-
tion.

<p,T> POLICY FOR M/G/1 SYSTEM WITH
SECOND OPTIONAL SERVICE

We denote by (l,7, Bar) and (I, 1, By 1) the idle and
busy periods, for the 2T policy and <p,T> policy
M/G/1 systems with second optional service, respec-
tively. Let C,r and Cp 1 be a busy cycle period for 2T
policy and <p,T> policy M/G/1 systems with second
optional service, respectively. It should be noted from
(Feinberg and Kim, 1996) that the system character-
istics of a <p,T> policy are a convex combination of
the system characteristics of T policy and 2T policy
systems. From Egs.(1)~(3), we obtain

E[l,1= pE[l; ]+ @- P)E[l ;1= (2- p)T, (9)

E[B,]= pE[B, ]+ (- p)E[B,]
=(2-p)pT Q- p),

E[C, ;1= PE[C,]+ (1~ P)E[C,]
=(2-p)T/1-p).

(10)

(11)
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Thus we have the number of busy cycles per unit time

LE[C,:1=QA-p)/I(2-p)T]. (12)

Let ¥, ¥, and ¥, represent the cumulative

amount of time that all customers spent in the system
during a busy cycle for T policy, 2T policy and <p,T>
policy M/G/1 systems with second optional service,
respectively. Employing the results of (Feinberg and
Kim, 1996), we obtain

= AT T
E[?’T]:LTE[CT]:[L+TJI—,

(13)
It follows that

E[#,:1= PE[% 1+ (1- P)E[¥y]
T 3 (14)
zl_[L(Z— p)+ AT (2—5 pD

By the similar arguments of (Feinberg and Kim,
1996), the expected number of customers in the <p,T>
policy M/G/1 system with second optional service is
given by

E[Z,-] AT(2-3pl2)
o1 = =L+ .
E[Cp,T] 2— p

(15)

Eq.(15) can be expressed as a convex combination of
characteristics of T policy and 2T policy systems.
That is,

L. = [Tppj L, + [1— Tpp] Ly,  (16)

which confirms the results of (Feinberg and Kim,
1996).

<p,N> POLICY FOR M/G/1 SYSTEM WITH
SECOND OPTIONAL SERVICE

In this section, we develop important system
characteristics for the <p,N> policy M/G/1 system
with second optional service. Let us define the fol-
lowing notations: I,y the idle period random variable,
Bpn the busy period random variable, C, the busy

cycle random variable, and L, n the expected number
of customers in the <p,N> policy M/G/1 system with
second optional service.

Following the analysis in Section 3 and using the
arguments by Wang and Ke (2000), we have that

E[l,y]=(N+1-p)/4, (17)
E[B,x1=p(N+1-p)/[AQ-p)],  (18)
E[C,yn]1=(N+1-p)/[A(- p)], (19)

and
_N(N+1-2p) 0)

PN 2(N +1-p)

EQ.(20) can be expressed as a convex combination of
characteristics of N policy and N+1 policy systems.
That is,

pN pN
L= —— L, +|1-——— L.,
P [N +1- p] N ( N+1— p] N

which confirms the results of (Feinberg and Kim,
1996).

OPTIMAL <p,T> POLICY

In this section, we construct a total average cost
function per customer per unit time for the <p,T>
policy M/G/1 system with second optional service, in
which p and T are decision variables. Our objective is
to determine the joint optimal thresholds, say (p",T"),
to minimize this cost function. Since E[B,1]/E[Cy1]
=pand E[l,7]/E[C, r]=1—-pare independent of pand T,
we consider the following cost elements: Cs the setup
cost for per busy cycle, and C;, the holding cost per
unit time for each customer present in the system.

Employing the definition of each cost element
and its corresponding system performance, the total
average cost function with (p,T) is given by

F(pT)=C,L,; +C,/EIC,]
AT(2-3p/2)
2-p

1-p (21)

=C,L+C, T2-p)

To find the joint optimal threshold values (p",T"),
first we let T, =/C,(1- p)/(AC,) and t=T/T,. Then
Eq.(21) can be re-expressed as
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F1<p,T>=chL+m[gt+2}p(%_tj).

(22)
Moreover, we define
3 1 (1
f(p,t)=—=t+ ——t. 23
(p.0)=7 z_p(t j (23)

Obviously, the following results can be obtained:
(1) As 0<t<1, f(p,t) is an increasing function in
pe[0,1]. It implies

: 1
f(p.)=fO)=t+—, 0<t<l. (24
min f(p.O) =10 =t+—-, 0<t<l.  (24)

(2) As t=1, f(p,t)=f(p,1)=3/2, for p[0,1].
(3) As t>1, f(p,t) is an decreasing function in
pe[0,1]. It yields

1

. t
@ggf(p,t)—f(l,t)—5+f,t>1. (25)

Set g(t) =t+1/(2t), 0<t<1. Then

<0, 0<t<1/+2,
g’(t):l—i2 =0, t=1/2,
2t
>0, 12 <t <1.

According to the “first derivative test’ (FDT), we

have
ming = g1/~2)=1/v2+2/2=2. (26)
t 1
Set h(t)=—=+=, t>1. Then
2t
<0, 1<t<\/§,
hy=2-1l-0 t=v2,
2t
>0, t>/2.
Using the FDT again, we have
minh=h(2)=v2/2+1/\2=+2.  (27)

Subsequently based on Egs.(22)~(27), we deduce that

minF, =C,L+,/C,C.A(L— p) min f
=C,L+,/2C,C.A(1-p)
= F(0,T,/N2) = F@,/2T,).

(28)

Summarizing the above results, we have the fol-
lowing theorem:
Theorem1 Let(p",T") be the joint optimal threshold
values that minimize the total average cost Eq.(21).

Then (p*,T")=(0,T,/~/2) or (1,/2T,). That s,

(0" T) =(0.4C.- p)/(24C,))

or T = (1, J2C. L= p) /(/"LCh)).

Note that, when (p*,T*)=(o, C.a- p)/(2/1Ch)),

it is exactly the same as the result of the classical T
policy for M/G/1 queue (Heyman, 1977).

OPTIMAL <p,N>POLICY

In this section we find the joint optimal thresh-
olds (p",N") that minimize the total average cost
function for the <p,N> policy M/G/1 system with
second optional service. As before, C; and C;, repre-
sent setup cost and holding cost, respectively. Then
the total average cost function with two thresholds
(p,N) becomes

F,(p,N) =CyL, +C5/E[Cp,N]
N(N +1-2p)
2(N +1-p)

Ad-p)  (29)

=C,L+C, “N+lp’

To find the joint optimal threshold values (p”,N"),

we set ko=2ACs(1-p)/Ch and xo=-0.5+,/0.25+k,.

Then taking partial differentiation on Eq.(29) with
respect to p, we have

oF,(p,N) _ Cy
op 2(N +1- p)?

(k, —N(N +1)). (30)

This implies that for any p in (0,1),
>0, N(N+1)<k,,

=0, N(N+1)=k,,
<0, N(N+1)>k,.

oF,(p.N)
op
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Apparently, the following outcomes can be de-
duced:

(1) As N(N+1)<ko, F2(p,N) is an increasing
function in pe[0,1]. Based upon the ‘test for mono-
tonic functions’ (Stewart, 1995), it asserts

min F,(p,N)=F,(0,N)=C,L + Gy 250=p)
ospst 2 N+1
(31)
(2) As N(N+1)>ko, F2(p,N) is a decreasing func-
tion in pe[0,1]. From the ‘test for monotonic func-
tions’, it ascertains

min ¥, (p,N) = F,(LN)
wcu-p G2

C
=C,L+—(N-1)+
Lt (N-1) N

(3) If there exists an integer No>0 such that
N(N+1)=ko, then

(i) F,(p,N,)=C,L+C,N, forpe[0,1];
(i) No=xo;
(iii) QJ,EQ Fz(pv No) = FZ(O, No) = Fz(l’ No)

=C,L+C,N,. (33)

(4) Define a(N)=C,L+Sun+280=0)
2 N +1

N<xXo. Note that N(N+1)<ko is equivalent to N<Xx,.
Then

C k
N)-a(N-1)=—"|1-—2 | <0,
a(N)-a(N -1) 2[ N(N+l)j<
and hence
le(l_p)

mina=a([x0]) C, L+ [0] D]+l

» (34)

where [xo] denotes the greatest integer less than or
equal to xo.

(5) Define p(N)=C,L+ M

Ch
—(N-1)+
2( ) N

N>X,. Then
B(N +1) - ﬂ(N)—f[ -
and hence

min 8 = B([%]1+1)=C, L+

L]>O,
N(N +1)

Cs (1_p)

. (35
Do]+1 )

[xo]+

Based upon Egs.(31)~(35), we derive that

C,.L+C,N, =F,(0,Ny)=F,(L,N,),
if k, = Ny(N, +1) for some integer N;
Sop )+ 2202
[X]+1
=F,(0,[x])=F, (L [%1+1),
if k, = N(N +1) for all integers N.

minF, = (36)

In a practical M/G/1 system, there does not exist
an integer Ny satisfying ko=No(No+1). Therefore, we
obtain the following theorem:

Theorem 2 Let (p',N) be the joint optimal thresh-
old values that minimize the total average cost
Eq.(29). Then (p",N)=(0, [xo]) or (1, [Xo]+1). That is,

(p",N) = (o, [-05+025+K, ])
or (p*,N*):(l, [-05+0.25+ k0]+1),

where ko=2ACs(1-p)/Ch.

Note that, when (p",N")= (0, [—0.5+,/0.25+ K, ])

it is an exact optimum threshold solution for the
classical N policy M/G/1 system. The optimum
threshold solution previously studied is approximated
for the N policy M/G/1 queue (Wang, 1995; 1997;
Wang and Ke, 2000; Wang and Yen, 2003; Wang et al.,
1999; 2004).

COMPARISON ANALYSIS OF OPTIMAL <p,T>
POLICY AND OPTIMAL <p,N> POLICY

Fixing the level values of ¢, Cp, Cs, 2and p, we
have shown that

(1) In <p,T> policy, the minimum total average
cost is

m, =minF, =C,L+C, k. 37)

(2) In <p,N> policy, the minimum total average
cost is

C, Ko
m,=minF, =C L+— ) ([x]+[xo]+1). (38)
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Using
[%1([%]+1) <Ky < (I%1+1)([%]+2)
yields
Do ([%1+2) + k< 2Ky < 2/ks ([%]+1),
and

6], V% _Delx]+D+k
oo D61+ kg (I%1+1)

It finally follows that

o 1], Wk
m —m, =C,/k, | 1 Z[JE+[XO]+1] >0. (39)

We therefore establish the theorem below:
Theorem 3 Setting the same level values of cj Ch,

Cs, 4 and p in <p,T> policy and <p,N> policy, the
minimum total average cost in <p,N> policy is less
than that in <p,T> policy. That is, my<m;.

In order to examine the above theorem numeri-
cally, we produce Table 2 for numerical comparison
of m; and m,.

Table 2 Numerical comparison of m; and m,

Ch Cs A p L Ko [Xo] my m,

2 1000 2 0.8 10 400 19 60.00 59.00
2 5000 2 0.8 50 2000 44 189.44 188.44
2 10000 2 0.8 90 4000 62 306.49 305.49
2 1000 5 0.8 10 1000 31 8325 8225
2 5000 5 0.8 50 5000 70 24142 240.42
2 10000 5 0.8 90 10000 99 380.00 379.00
8 1000 2 09 10 450 20 249.71 24571
8 5000 2 09 50 2250 46 779.47 775.49
8 10000 2 09 90 4500 66 1256.66 1252.66
8 1000 5 09 10 1125 33 348.33 344.35
8 5000 5 09 50 5625 74 1000.00 996.00
8 10000 5 0.9 90 11250 105 1568.53 1564.53

Note that the values of L are obtained from the subsection of ‘Some
results for the T policy’ by choosing appropriate values of

¢ (=20~ p)L-p)! p* -1
CONCLUSION
In this paper, we showed that the optimum solu-

tion exists for the <p,T> and <p,N> policies, respec-
tively. Explicit closed-forms of the two optimum

solutions were obtained. We also provided an ana-
lytical and numerical comparison of optimum cost
between <p,T> policy and <p,N> policy. More im-
portantly, we analytically showed that the <p,N>
policy is superior to the <p,T> policy based on the
optimum cost criterion. Past studies merely provided
an approximate optimum threshold value for classical
N policy M/G/1 queueing systems, but their exact
optimum threshold value can be deduced as a special
case of the results developed in this paper.

References

Doshi, B.T., 1986. Queueing system with vacations—a survey.
Queueing Systems, 1(1):29-66. [doi:10.1007/BF01149327]

Feinberg, E.A., Kim, D.J., 1996. Bicriterion optimization of an
M/G/1 queue with a removable server. Prob. Eng. Inf. Sci.,
10:57-73.

Gakis, K.G, Rhee, H.K., Sivazlian, B.D., 1995. Distributions
and first moments of the busy and idle periods in con-
trollable M/G/1 queueing models with simple and dyadic
policies. Stoch. Anal. Appl., 13(1):47-81. [doi:10.1080/
07362999508809382]

Heyman, D.P., 1968. Optimal operating policies for M/G/1
queueing system. Oper. Res., 16:362-382.

Heyman, D.P., 1977. The T policy for the M/G/1 queue. Manag.
Sci., 23:775-778.

Hur, S., Paik, S.J., 1999. The effect of different arrival rates on
the N-policy of M/G/1 with server setup. Appl. Math.
Model., 23(4):289-299. [doi:10.1016/S0307-904X(98)10
088-4]

Hur, S., Kim, J., Kang, C., 2003. An analysis of the M/G/1
system with N and T policy. Appl. Math. Model.,
27(8):665-675. [doi:10.1016/S0307-904X(03)00074-X]

Ke, J.C., 2003. The optimal control of an M/G/1 queueing
system with server vacations, startup and breakdowns.
Comput. Ind. Eng., 44(4):567-579. [d0i:10.1016/S0360-
8352(02)00235-8]

Ke, J.C., 2005. Modified T vacation policy for an M/G/1
queueing system with an un-reliable server and startup.
Math. Comput. Model., 41(11-12):1267-1277. [doi:10.
1016/j.mcm.2004.08.009]

Ke, J.C., 2008. Two thresholds of a batch arrival queueing
system under modified T vacation policy with startup and
closedown. Math. Methods Appl. Sci., 31(2):229-247.
[doi:10.1002/mma.905]

Kella, O., 1989. The threshold policy in the M/G/1 queue with
server vacations. Nav. Res. Logist., 36(1):111-123. [doi:10.
1002/1520-6750(198902)36:1<111::AID-NAV3220360109>
3.0.C0O;2-3]

Lee, H.S., Srinivasan, M.M., 1989. Control policies for the
MM/G/1 queueing system. Manag. Sci., 35:708-721.

Lee, HW., Park, J.O., 1997. Optimal strategy in N-policy
production system with early set-up. J. Oper. Res. Soc.,
48:306-313. [doi:10.2307/3010429]



Ke et al. / J Zhejiang Univ Sci A 2008 9(10):1437-1445 1445

Lee, HW., Lee, S.S., Chae, K.C., 1994a. Operating charac-
teristics of MM/G/1 queue with N policy. Queueing Sys-
tems, 15(1-4):387-399. [doi:10.1007/BF01189247]

Lee, HW, Lee, S.S., Park, J.O., Chae, K.C., 1994h. Analysis
of MM/G/1 queue with N policy and multiple vacations. J.
Appl. Prob., 31(2):467-496. [doi:10.2307/3215040]

Lee, S.S., Lee, HW,, Yoon, S.H., Chae, K.C., 1995. Batch
arrival queue with N policy and single vacation. Comput.
Oper. Res., 22(2):173-189. [doi:10.1016/0305-0548(94)
E0015-Y]

Levy, Y., Yechiali, U., 1975. Utilization of idle time in an
M/G/1 queueing system. Manag. Sci., 22:202-211.

Madan, K.C., 2000. An M/G/1 queue with second optional

service. Queueing Systems, 34(1/4):37-46. [doi:10.1023/A:

1019144716929]

Medhi, J., 2002. A single server Poisson input queue with a
second optional channel. Queueing Systems, 42(3):239-
242. [doi:10.1023/A:1020519830116]

Medhi, J., Templeton, J.G.C., 1992. A Poisson input queue
under N-policy and with a general start up time. Comput.
Oper. Res., 19(1):35-41. [d0i:10.1016/0305-0548(92)
90057-C]

Stewart, J., 1995. Calculus (3rd Ed.). Brooks/Cole Publishing
Company, Pacific Grove.

Tadj, L., 2003. A quorum queueing system under T-policy. J.
Oper. Res. Soc., 54(5):466-471. [doi:10.1057/palgrave.
jors.2601536]

Tadj, L., Choudhury, G., 2005. Optimal design and control of
queues. Top, 13(2):359-414. [doi:10.1007/BF02579061]

Tadj, L., Ke, J.C., 2005. Control policy of a hysteretic bulk
queueing system. Math. Comput. Model., 41(4-5):571-
579. [doi:10.1016/j.mcm.2003.07.017]

Takagi, H., 1991. Queueing Analysis: A Foundation of Per-
formance Evaluation. North-Holland, Amsterdam.

Teghem, J.Jr., 1987. Optimal control of a removable server in
an M/G/1 queue with finite capacity. Eur. J. Oper. Res.,
31(3):358-367. [doi:10.1016/0377-2217(87)90045-2]

Tijms, H.C., 1986. Stochastic Modelling and Analysis. Wiley,
New York.

Wang, K.H., 1995. Optimal control of a Markovian queueing
system with a removable and non-reliable server. Micro-
electron. Rel., 35(8):1131-1136. [d0i:10.1016/0026-2714
(94)00164-J]

Wang, K.H., 1997. Optimal control of an M/E,/1 queueing
system with removable service station subject to break-
downs. J. Oper. Res. Soc., 48(9):936-942. [doi:10.1057/
palgrave.jors.2600419]

Wang, K.H., Ke, J.C., 2000. A recursive method to the optimal
control of an M/G/1 queueing system with finite capacity
and infinite capacity. Appl. Math. Model., 24(12):899-914.
[doi:10.1016/S0307-904X(00)00024-X]

Wang, K.H., Yen, K.L., 2003. Optimal control of an M/H,/1
queueing system with a removable server. Math. Methods
Oper. Res., 57(2):255-262. [doi:10.1007/s001860200263]

Wang, K.H., Chang, K.W., Sivazlian, B.D., 1999. Optimal
control of a removable and non-reliable server in an infi-
nite and a finite M/H,/1 queueing system. Appl. Math.
Model., 23(8):651-666. [doi:10.1016/S0307-904X(99)
00002-5]

Wang, K.H., Kao, H.T., Chen, G., 2004. Optimal management
of a removable and non-reliable server in an infinite and a
finite M/H,/1 queueing system. Qual. Technol. Quant.
Manag., 1(2):325-339.

Yadin, M., Naor, P., 1963. Queueing systems with a removable
service station. Oper. Res. Quart., 14:393-405.

Zhang, Z.G,, Vickson, R.G., van Eenige, M.J.A., 1997. Optimal
two-threshold policies in an M/G/1 queue with two va-
cation types. Perform. Eval., 29(1):63-80. [doi:10.1016/
S0166-5316(96)00005-3]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


