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Abstract In this paper, we consider a new class of the GI/M/1 queue with single working
vacation and vacations. When the system become empty at the end of each regular service
period, the server first enters a working vacation during which the server continues to serve
the possible arriving customers with a slower rate, after that, the server may resume to the
regular service rate if there are customers left in the system, or enter a vacation during
which the server stops the service completely if the system is empty. Using matrix geometric
solution method, we derive the stationary distribution of the system size at arrival epochs.
The stochastic decompositions of system size and conditional system size given that the
server is in the regular service period are also obtained. Moreover, using the method of
semi-Markov process (SMP), we gain the stationary distribution of system size at arbitrary
epochs. We acquire the waiting time and sojourn time of an arbitrary customer by the first-
passage time analysis. Furthermore, we analyze the busy period by the theory of limiting
theorem of alternative renewal process. Finally, some numerical results are presented.

Keywords Working vacation - Vacation - Stochastic decomposition - Waiting time -
Sojourn time - Busy period
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1 Introduction

Queueing systems with server vacations have attracted considerable attentions over the
decades due to that they have a wide range of applications in various areas such as computer
networks, communication systems and manufacturing system and so forth. For more details
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related to vacation queues, we refer the readers to the surveys of Doshi (1986), Teghem
(1986), the monographs of Takagi (1991) and Tian and Zhang (2006).

The concept of working vacation was first introduced by Servi and Finn in 2002. Their
work is motivated by the analysis of a reconfigurable wavelength-division multiplexing
(WDM) optimal access network. Servi and Finn (2002) studied an M/M/1 queue with mul-
tiple working vacations, and obtained the transform formulae for the distributions of the
system size and the sojourn time of an arbitrary customer in steady state. Based on the anal-
ysis of Servi and Finn (2002), Liu et al. (2007) re-analyzed the M/M/1 queue with multiple
working vacations and obtained the concise expressions and stochastic decomposition struc-
tures for the stationary system size and sojourn time using the matrix-geometric solution
method. Subsequently, utilizing the same method, Tian and Zhao (2008) studied the M/M/1
queue with single working vacation and various performance measures in steady state were
derived. Extensions to M/G/1 type queue with working vacations are carried out by Wu
and Takagi (2006) (using Laplace-Stieltjes transform method), Kim et al. (2003) (using the
decomposition method) and Li et al. (2011) (using the matrix-analytic method). As for the
GI/M/1 type queue with working vacations, Baba (2005) first presented a GI/M/1 queue
with multiple working vacations using matrix analytic method and the GI/M/1 queue with
single working vacation was studied by Li and Tian (2011) (using matrix-analytic method)
and Chae et al. (2009) (using generating function transform method), Li et al. (2013) pro-
vided a study on a GI/M/1 queue with Bernouli-schedule-controlled vacation in which the
server may choose to enter working vacation or vacation under Bernouli schedule.

In light of the classical vacation queues and working vacation queues, we consider a
queue with single working vacation and vacations which is characterized by the following
features: Once the system becomes empty in regular service period, a working vacation with
a random period is taken, during which the possible arriving customers are served with a
lower rate. After that, if there are customers left in the system, the system will be resumed
to the regular service period, otherwise, the server will enter a vacation with a random
period, during which the service is not rendered to any of new arrivals. Another vacation
will be taken if there are still no customers in the system when the vacation ends, and so on.
The server will continue the vacations until there are new arrivals at a vacation completion
epoch, and then a regular service period will start again. Up to the present, no special work
focused on the model seems to have appeared in open literatures.

This vacation policy has potential application in the real life situation. In order to econo-
mize the operation operation cost, the escalators in some large supermarkets and metros are
always designed to operate to stay at a lower service rate period for a certain length when
system just become empty, after the low service period and there is still no customers, the
escalators will stop the service completely. Another example is provided in some machine
systems, after the valve is closed (press control), the pump will stay at Min Speed before
stopping. During the delay stop period, the pump can restart or stop immediately.

The rest of this paper is organized as follows. In Section 2, we describe the queueing
model with single working vacation and vacations in detail. The steady state distribution
of system size at the arrival epochs and its stochastic decomposition structure are given
in Section 3. Section 4 is devoted to obtain the steady state distribution of system size at
the arbitrary epochs. In Section 5, we analyze the waiting time and sojourn time of an
arbitrary customer by the first-passage time analysis. Section 6 gives the analysis of the busy
period. Some numerical examples are presented in Section 7. Section 8 is the conclusion.
The Appendix presents the transition probability analysis for the embedded Markov chain.
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2 Model Formulation and Embedded Markov Chain

We consider a GI/M/1 queue with single working vacation and vacations, this queueing
model is explicitly described as follows.

e The inter-arrival times {7,,, n > 1} are assumed to be independent and identically
distributed with a general distribution function A(¢) with a mean 1/A and a Laplace-
Stieltjes transform (LST) a*(s).

e The vacation policy we consider is characterized by the following features: Once the
system become empty during the regular service period with service rate u, the server
takes a working vacation that follows an exponential distribution with parameter 6,,,
during which the server continues serving the potential arriving customers with a lower
rate n (n < w). At the completion epoch of the working vacation, if there are customers
left in the system, the server will resume to serve the customers with the regular service
rate u, and another regular service period will start, otherwise, the system will enter
into a vacation that follows an exponential distribution with parameter 8, during which
the server completely stops working. If there are customers in the system at the instant
of a vacation completion, the server will resume to a regular serving level with rate .
Otherwise, the server continues the vacations until there are arrivals in the system at the
vacation completion epochs, and a regular service period will start.

e Assume that inter-arrival times, service times, working vacation time and vacation times
are all mutually independent. In addition, the service discipline is First Come First
Served (FCFS).

Suppose t, be the arrival epoch of the n-th customer with 79 = 0, and let L(¢) be the
number of customers in the system at time ¢, we choose t, as the imbedded points, then
L, = L(t, — 0) is regarded as the number of customers just before the n-th arrival epoch.
Note that an arrival may occur during a regular service period, working vacation period or
vacation period, so we define

0, the n - th arrival occurs during the working vacation period,
Jn = 1 1, the n - th arrival occurs during the vacation period,

2, the n - th arrival occurs during the regular service period.

Since the working vacation time, vacation times, the service times during the regu-
lar service period and the working vacation period are all exponentially distributed, then
process {(L,, J,), n > 1} is a two-dimensional embedded Markov chain with the state
space

2 ={(k,0),k=>=0U{(k, 1),k >0} U{(k,2),k>1}.

In order to express the transition matrix of (L,, J,), we introduce the probability
measure:

PG,y =P{Lyy1 =k, Jup1 =1L, =i,J, =]}
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Using the lexicographical ordering for the states, the transition probability matrix P of
{(L,, J,), n > 1} can be written as the Block-Jacobi matrix

By Agt 0 0 O

By AL Ap 0 O
. By Ay Ay Ay O
P=1 B3 A3 Ay A Ag --- |+
By Ay Az As A; -
where
co 0 dy cr 0 dy
A01=<CO°0"°>,A0= een | Ac=| Oe|. k>1,
£ € b b
0 k
BO_<cl+d’1—(co+do) (’—i—d{))’
e} 1—5—e0—e1

Copr F iy 1— ,;) (ci +di) = (chyy +dpyy)

_ ’

By = €t 1— ek+1 Ze, , k> 1.
/
bt by Z Ci

The expressions for the entries of P are shown in detail in the Appendix. Evidently, we
can find that P is a stochastic matrix and its structure indicates that {(L,, J,),n > 1} is
irreducible and aperiodic. The limiting probabilities are defined below:

TTn, j :klin;oP{Lk =n, Jy=j}, (n, j) € £2;

7o = (70,0, 70,1);

Ty = (”n,Oa T, 1 7Tn,2)-
3 Steady-State Distribution of System Size at Arrival Epochs
and its Stochastic Decomposition Structure

In this section, we focus on the stationary distribution of {(L,, J,), n > 1} by the matrix
geometric solution method. Clearly, we can observe that the transition probability matrix
P is a GI/M/1-type matrix (see Neuts 1981), for such a model, it is necessary to seek the
matrix R, which is the minimal nonnegative solution of

R= Z RFA,. 1

In order to obtain it, we first introduce the following Lemma:
Lemmal Ifp = A/u < 1, the equation z = a*(u(1 — 2)) has a unique root in the range

0 < z < 1, denoted by &, and the equation 7 = a*(6y, + n(1 — 2)) has a unique root in the
range 0 < z < 1, denoted by y.
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Proof First, we consider the equation z = a*(u(1 — z)) and let ¥ (z) = a*(n(l — 2)),
evidently, 0 < ¥(0) = a*(n) < ¥ (1) = 1, and for 0 < z < 1, we have

e ¢}

o0

V() = / te MIZGA®D) > 0, ¥ (2) = p? / e MG A®r) > 0.

0

0

Meanwhile, it follows from p = A/ < 1 that ¢/(1) = 1/p > 1. Thus the equation

z = V¥(z) has a unique root in the range 0
®@(z) =a* 0y +n( — z2)), then

< z < 1, denoted by &, similarly, we set

0<@0)=a"Bp+n) <) =a*y) <1,

and, for 0 < z < 1, we have

[e¢}

e ¢}

D'(z) = nfze—<9w+"“—z>>’dA(r) >0,0"(z) = nZ/tze_(9w+”('_Z))’dA(t) > 0.

0

0

Therefore, z = @(z) has a unique root in the range 0 < z < 1, denoted by y, Then the

proof is completed.

Lemma 2 If p < 1, the matrix equation R

O

&
= Y R¥Ay has the minimal non-negative
k=0

solution
y 0@ -y
R= e BE—¢) |, 2
&
where
By . 0,
- ’ &E=a (QU) ’ 13 =

O —(u—m(1—y)

O — (1 —a*(6)

Proof Because all Ay, for k > 1, are upper triangular, we can assume that R has the same

structure as

11 12 113

R =

then, for k > 1, we have

Rk

k—1 k—1
k i k—1—i i k-
iy T2 )0 Ty SED DRI
i= i=0
= k
T2

—1
where Y (...) = 0.
i=0

r2 s |,

r33

- k=2 ke
i j k—a—ie
+riors Yo ry X ory
i=0 j=0
Kl e
—1—i
23 ) Il
i=
k
33
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Substituting R¥ into Eq. 1 yields

o0
=Y arfy =a* O+ 0l —r)).

k=0
ri2 =0,
o0
k—1—
r13:der“ Zekrlz X:r”r22 -
k=0 i=0
o0 k—2 k—2—i
i i j o k—2—i—
Z Vl?zrnr%% ’+r12r23Zr{1 Z I3l i EE)
k=1 i=0 j:O
) =&,

3 = Z exry, + Zbk (rza > oy ’) ,

r33 = Zbkr§3 =a” (u(l —r33)),
=0

where a* (6,) is denoted by ¢.

From Lemma 1, we observe that the first equation of Eq. 3 has the unique root ri; = y
in interval (0,1) and the last equation has unique root r33 = £ in interval (0,1). From the
third equation of Eq. 3, we can obtain

%) ) k—1
rBZder{‘]/(l—Zbkzr“rég‘ ’). 4
k=0

k=1 i=0
The numerator of Eq. 4 can be computed as follows:

t

o0
1
der“ = Zy //Gwe_e"’xe_"xe_“(t_x)ﬁ (nx + 1t — x)* dxd A1)
00

>~
S

t
/ B, ¢—0n o= ¢ (I—) G HUU=XDY g A(r)
0

\8 O'\g

t
0,111 / Y=Y =0 =0T g g A (1)
0 0
_ Oy @ (n(l—y)—y)
Ow — (u—m (1 —y)
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The denominator of Eq. 4 can be simplified as follows:

o0 k—1 1 o0
1—Zbk Zr11r§3 == - 721%()/1( —&5
k=1 V_Skzo

i=0
a*(ud—y) —§&
y—§
y —a*(n—py)
y—§
Thus r;3 = a (§ — y), where a = ew/(ew —(u—n)1 —y).
Inserting r33 = £ and ry; = ¢ into the fifth equation of Eq. 3 gives

o0 o0
r3 = Zekré‘z/(l — Zbk Zrzzrk 1= l). 5)
k=0

k=1 i=0

=1-

The numerator of Eq. 5 can be computed as follows:

o < T ( (r ))"
Y ek, =) / / o POV =044 (1)
k=0 k=0

t

=0
o0

= / / G, HU=O=)=0X gy g A (1)
0 0

— (0 (w1~ —¢)
_Ov—u(l—e)a " £ £).

The denominator of Eq. 5 can be simplified as follows:

[ee) k—1 ) . 1 00
1= by Eek i =1 - i 3 by (sk —ak)
k=1 k=1

j=0

1 * *
=1 (@R =8 —a" (u(1 - o)
1
=7 (a*(u(1—e)—e).
Thus we can get 3 = B(§ — €), where B = Qv/(GU — u(1 —¢)). Then the proof is
completed. O

Based on theorem 1.5.1 of Neuts (1981), the Markov chain is positive recurrent if and
only if the spectral radius of R, denoted by sp(R), is less than one, and B[R] has a positive
left invariant vector, where

By Aoy

B[R] = io: Rk_lBk io: Rk—lAk . (6)
k=1 k=1
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Under the condition p < 1, we have obtained R from Lemma 2. By the structure of R,
we can note that R is an upper triangular matrix and sp(R) = max {y, ¢, £} < 1. After
tedious calculation, we obtain

C/l—l—di 1—(C0+d0)—(cll+di) cg O dy
e l—e—ey—e) 0 =« €
bo(§— d
BlRI=| M Hyy e A )
Hyy Hyp 0 O % — %0
Hsp Hs) 0 0 - %0
where
Hy = C ) =y (1 3 ga) apE—a*n) i +d + ot v =8
y(d—y) n § Oy —pn(l—§) Y &y
co + d —
Hy = —Hy) + —— 2 —OtboS Y
143
py 2 MBE@ @)~ pu E-a" @) & BY B
&0y — 0y) & Oy —n(-§) & & e’
b —¢ e
Hop—=1—H, - PHE=® @«
Ee e
o (& —a* (0y)) b
51 = - >
EOw—n1-8) &
Ho=2 _ g
52 = —— — f15].
§
We can verify that B[R] is a stochastic matrix and has the left invariant vector
K'(1, p, y, ps, a(E —y)+pB (£ —¢), ®)
where K’ is a constant and
_a*Ow)—y (1w en(E—a*w)
b 1 T—y (1 n"‘) Gu—(1-8) ©
o Bla*(Oy)—¢) (E—a*(w))
e Y Sias

Then the Markov chain is positive recurrent if and only if sp(R) < 1. Based on it, the
joint stationary probability distribution of system size at arrival epochs is obtained in the
following Theorem.

Theorem 1 If p < 1, the joint stationary probability distribution of the Markov process
{(Ln, Jn),n > 1}is
meo = Ky¥, k>0,
71 = Kpe, k>0, (10)
ﬂk,z=K(a (Sk—yk)+pﬂ (Ek—ek», k=1,

where
K — I-—y)Ad—-e)1-§)
A-—t4+aE—yNU-—)+pl—-—E+BE—e)U—y)
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Proof Using Theorem 1.5.1 of Neuts (1981), the invariant probability vector = of the
Markov process is given by

m=m R k> 1, (11)

and (oo, 7o1, T10, 11, T12) is the positive left invariant vector of B[R]. It means that
it has the type as K (1, p, y, ¢, « (§ —y) + pB (¢ —¢)), in which the constant K is
determined by the normalization condition

70,0 + 70,1 + (71,0, 711, M) I —R)e=1, (12)

where e denotes 3 dimensional column vector with all elements being equal to 1.
Noting
1 0 a(E—y)
-y (=y)(1-8)
TE
and substituting (I — R)~!into Eq. 12, we obtain

I-yd-ed=§)

K= . (14)
I-é+aE—-yNU-e)+p(A-5+BE—e)—y)
Note that
yk 0 « (&-k _ yk)
RE=[" ek peh—eb) |, (15)
-’;:k
substituting R*~! into Eq. 11, we can get Eq. 10, then the proof is completed. O

Special case 1 1If 6,, — 6, and n — 0, it means there is no service in the working vacation
and the working vacation reduces to the vacation, then our model becomes the standard
GI/M/1 queue with multiple vacations. To verify that, let 6,, — 6, and n — 0, theny — &,
o — f, the distribution of stationary system size becomes

M0 = Kek, k>0,
w1 = Kpek, k=0, (16)
o =K B+pp) (8 —¢t). k=1,
where
Bu (¢ —a* (9u))>/< Bu (¢ —a* (9v)))
—(1-Prsme ) 54 PRI T @ W) 17
g ( b —na-6 )/ P e an
s= Lo k= 1-od -5 . (18)
ds 5=0, (I-&+BE—-¢e)(+p)

Note here that states (k, 0) and (k, 1), for k > 0, both represent the system in vacation
period. In fact, (k, 0) means that the system stays in the first vacation after the regular ser-
vice period. So the probability that there are k customers in the system and the server stays
in vacation period is mx o + 7k, 1. Therefore, we can find that the distribution of stationary
system size coincides with that of Theorem 2 in Tian et al. (1989).
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Special case 2 If 6, — oo, it means there is no vacation period, then the vacation period
reduces to the idle period, so, our model becomes the standard GI/M/1 queue with single
working vacation. To verify that, let 6, — oo, then ¢ — 0 and 8 — 1, the distribution of
stationary system size becomes

o = Ky, k>0,

7o,1 = Kp, k>0, (19)
T2 =K (a (Sk —Vk) +p$k), k=1,

where 7o) represents that the server is in the idle period and

= (1 _ @Oy (1 _ ga> R ww)))/u(s —a @)
=y n b — (1 —§) Op — 10 (1 — &)

K= I-yd-=%
(I-é+aE -y +pl-y)

@2y

We can find that the stationary distribution of system size coincides with that of
Theorem 2 in Li and Tian (2011) and Lemma 2 in Chae et al. (2009).
The state probabilities of the server in steady state are shown as

1
Py=P{J=0=K——, (22)
l—y

P =P{J=1}=Kp (23)

1—¢’

(24)

+ pB

=P =2 (“(l—f;)(l—y) 1—&) (-

E—y E—¢ )

Theorem 2 If p < 1 and > 1, the stationary system size L can be decomposed into the
sum of two independent random variables: L = Lo + Lg, in which Ly is the stationary sys-
tem size of a classical GI/M/1 queue without vacation, and follows a geometric distribution
with parameter 1 — &, and the additional queue length Ly has the distribution

PlLg=0}=K"(1-y)(1 -1+ p), (25)

P{Ly=k}=K*(1—g)(@—1)(E—y)A—y)y!
+Kp(l—p)B-DE-eA—-e)e, k=1, (26)

where K* = (1 —§ +a(E —y)(1—e)+p—E+BE—e)A—y)".
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Proof From Eq. 10, the PGF of L can be shown as follows:

oo o o0
L(z) = anozk + an1zk + anlzk
k=0 k=0

_l-g (]_ym_g)< EZ+p(1—‘§Z)+aZ(‘§—V)+pﬂz($—8)>
1—-¢&z 1 —ez 1—-yz 1—ez
1 oo
= 1o ; K*(1—y)(1—¢) (Z(yz) +@E—y) - s)Zz" “lep) (et
k=0 k=1 =

+p(aE —e) - E)szk1>
k=1

1-¢

Tk

K*(l—y)(l—e)<1+p+<a—1)(s y)Zz" -

k=1

+p<ﬂ—1)(s—e>zzk “ 1)

k=1

(27)
From the above expression, we obtain the Theorem 2 directly. O

Remark 1 From Theorem 2, the stationary additional queue length L; has the special
probability explanation that it is the mixture of three random variables. That is

Li=K*(1-y)(1-e)(1+pXo+K* (1 —e)(@—1DE—-y) Xy

* (28)
K*p(l=y)(B—1) (& —¢)Xa,

where X equals to 0, X follows a geometric distribution with parameter 1 — y and X,
follows a geometric distribution with parameter 1 — ¢.

Remark 2 From the distributions of Lo and Lg, we can know that the system size at the
arrival epochs follows a PH-distribution with representation (o1, 77), where

ar=(& 1=K A-e)@a-DE-y), 1= KpA-y)B-1D(E—¢)),
EU-HK(-0@-DE~y) I=HKpL=y)(B-DE e
T, = 0 V4 0
0 0 e

Let 0©, 0M and 0@ be the conditional system size just before a new customer arrives,
given that the arrival occurs during working vacation, vacation and regular service period,
respectively. We can get the distributions of 0@, 0 and Q® in the following Corollary.

Corollary 1 If p < 1, the random variables Q© and QW follow geometric distribu-

tions with parameter y, €, respectively. The random variable Q(z) can be decomposed into
the sum of two independent random variables: Q® = Lo + L , in which Lg follows a

@ Springer



696 Methodol Comput Appl Probab (2017) 19:685-714

geometric distribution with parameter 1 — &, and the additional queue length ijl) has the
distribution

PILY =k} =sa-pytea-sa-ed k=1, 29)

where
5= aE—y)(d—e) . 30)
aE—-—y)d—-—e+pBE—e)(1—y)

Proof The distributions of Q@ and Q! can be obtained by direct computation as follows:

P{Q(0)=k}=nk0/PO=(1—y)yk,kZO, G

P[Q“’:k}=71k1/P1=(1—8)8k, k>0 (32)
Fork > 1,

p [Q(2) :k] =ma2/P

(1-§) (1—y) (1-#) N Nk
T aG-y) (et ppE—e)(I—y) (“ @‘”,E}S G @_8);}‘5]8 ]
(33)
Multiplying both sides of the above expression by z¥ and summing over k = 1,2, ...,
we get
0 (5 17§ ( aE—y)(1—¢) (1-y)z
l-éz\a@E-—py)d-e)+ppE—-e)(I—-y) 1-yz 34)
pBGE—e)d—y) (1—8)z>
aE-)d-e)+ppE—-e)(1—y) 1—-ez )’

Then we can obtain Eq. 29 from the above expression, then the proof is completed. [

Remark 3 From Corollary 1, we know that random variable Q(z) follows a PH-distribution
with representation (a2, 7>), where

a2:($7 (1_§)0, (1_%‘)(1_0‘))5

§(1=8580c (A=-85(1-0)
Ti1=10 1% 0
0 0 €
From Theorem 2 and Corollary 1, we can get
H—=n

w

E(La)=K*"(1—¢) a(é—y)+K*(1—V)p9ﬁﬂ(S—8), (35)

E(L):f—EJrK*(l—a)

H—=n

w

a(é—y>+1<*(1—y>p§ﬂ(s—s), (36)
@)\ _ & Y _ 2
E(Q )_—1_E+6—1_y+(1 5 - 37)
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We can verify that

P{L=0}=P{Ly=0}P{Ly=0}, (38)
k

P{L=k}=) P{Lo=i}P{Ly=k—i}, k> 1. (39)
i=0

4 The Steady-State Distribution of System Size at Arbitrary Epochs

In this section, we are concerned on deriving the limiting distribution of continuous-
parameter process {L (z), t > 0} by the method of semi-Markov process (SMP). To this
end, we let N; (¢) be the number of customers in the system at the most recent arrival and
J: (¢) be the state of server at time when the most recent arrival occurs, if this new customer
arrives at the system in working vacation, vacation or regular service period, then J; (¢) is
corresponding to 0, 1 or 2, respectively. Clearly, {(N; (), J; (t)), t > 0} is a SMP that
has {(L,, J,),n > 1} for its basic embedded Markov chain.

Theorem 3 If p < 1 and 6,,, 0, > O, the limiting distribution of continuous parameter
process exists. If we denote py = tlim P {L (t) =k}, for k > 0, then we have
—00

—1—K<(a+ AL i) i(l—ﬁ))

= PPia=e " outna—n " P ’

_ A A0 =) A —y) 4oy A a1y Gkl
Pk—K(OH‘Pﬁ)Mg +K w1 (1—7) 14 +Kp0v 1= —e)e" ", k> 1.

(40)

Proof Based on theory of the SMP (see Gross and Harris 1985), if the Markov chain
{(Ln, Ju),n > 0}isirreducible, aperiodic and positive recurrent, then the limiting distribu-
tion of the {(N; (t), J; (t)), t > 0} exists. Let my_ ; be the time the SMP is in state (k, j),
for (k, j) € 2. By definition, we know that P {mk,j < t} =AQ@), E (mk,j) =11, for
all (k, j) € £2. Let

v, j = lm P{N: (1) =k, Jo (1) = j}, (1)

then

7, i E (mi, ;)
Z(h,i)e(? i E (mh, i)
where 7y ; is the limiting distribution of basic MC {(L,, J,),n > 0} shown in (10). But,

because all E (mk,j) = 1~!, we have Vg, j = T, j, for (k, j) € §2. Thus, the SMP and its
basic MC have an identical limiting distribution. Then we have

Vg, j = 42)

2 X . . .

requried changes in ¢ to bring

— Vi P Al —A@)dt. (43

Pk Z:(j,i)»e.o Iot ;/ { state from (j, 1) to (k,I) ( ©) (“43)
=20
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Now, fork > 1,

o0 oo (/,Lt)l+] —k 7;‘”
Pk—Zﬂzz Grior M- A

i=

I
=~
AN

x i+1—k
tl
n,of bt T e A= A )1

oo
+
00 i+1-k P! i+1—k—
t— J
+ > @0 // et ("x) o U= 1) e M5 (1- A(t)) dxdt
Nt = i+1—k—j)
00 oot k1
Lo (et —x)) TR
Oye~ 0 HI=¥)) (1 — A (1)) dxdt
+,-;ln”/f R G T (= Aoydx
= 0 0
o0
+nk_1,1/e"vfx(1 — A ())dxdt,
0

substituting Eq. 10 in above equation, we can obtain that

_ - i i i ()=,
ek 3 () o (e _8))()[("“"‘)!6 M1~ A
K'Yy 7 et Ty (1 Ay
. (+1-k)
[} i+1—k ! j i+1—k—j
+E Y Y // o0 (" ) o (=) e P05 (1- A(t)) dxdt
frat S (i+1-tk—j)!
[ee) oo 1 . (M (t _ x))l —k+1 (=)
—fyx PG _
—|—Kp';18 //9 i A (1 — A (1) dxdt
= 0

+Kpeh! / (1 — A (1))dxdt
0

(44)
We now compute each part of the above equation.
Firstly,
o0 o0
o i (W)l IR k=1 [ —p(=g)
> T eMA1—A@)dt=¢& e M A(l—A@))dt
i=k—1 0 . (45)

kfk_l

1
gy (- - 8)
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Secondly,

i=k—1

y ]O (1 M= A@)dt =y 7e‘“(]_y)‘k(l—A(z))dt
(i —k+1)!
0 0

(46)
1

S | | —
y u(l—)( a* (u(l =),

r (put)i—kH1 —ut k=1 i —pu(l—e)t
8/(!—](—}-1)' AM1—A@)dt=c¢ /e A(l—A@))dt
iy ) @)
1
= )\Sk_l m (1 —a* (,U, (1 - 8))) .

Thirdly,

. 00
U k1 (1
y / ;f( T k)' _”tk(l —A (t))dt=)/ - /6_( w+1( _V))t}\ (I_A ([)) dt
i _
0 0

t=k 1
Y e G 1 et ) B A Gt O
O +n(1—v) Ow +n (1 —y)
(48)
Fourthly, we get
i+1—k % 4 i+1—k—
t — —J
oy //9 ~bux ("x) e (L~ 0) eI (1 — A (1)) dxdt
, (i+1—k—j)
l=k71 Jj=0 o
1—k oot . L
= yk-! i y'” k“ﬁZ / / —euxwx) e (L (=)
st (i+1—k—j)!
xe M= X)A(I—A(t))dxdt
oot
yk! / / e~ X VX o TX R U=X)Y o =HU=X)) (1 _ A (1)) dxdt
—ayh- lf —u(l—y)t _e—<0w+n(1—y>>t> (1 — A@)dr
0
:Aaykl<l_a (n(d—=y) -y )
u(l —y) S Gutn(l—y)
(49)
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Fifthly,
oot
i—k+1
. //6 —gyx (1 (1 — X)) N M0, (1 — A () dxdt
i—k+1)!
i=k—1
oot
= / /9ve*9uxefu(lfy)(t*x))\ (1 —A())dxdt
J (50)
oo
_ )Lﬂgkfl / (efu(lfs)t _ e*f’v’) (1—A@®)drt
0
fl-a*(nwl—e) 1
— 28k 1<——— 1—£>.
B uw(l—e) Oy ¢ )
Finally,
¢ A
/e—f’v’x (=A@t =" (1-¢). G
v
0

Substituting Egs. 45-51 into Eq. 44, we can get
A -—a)d=y) iy
b +n (1 —y)

and the po can be determined by the normalization condition. Then the proof is completed.
O

Akt A k-1
PkZK(Ol‘i‘P,B);S + K;(l—ﬂ)(l—E)S k=1,

Let L, denote the steady state system size at arbitrary epochs. From Theorem 3, we can
obtain

1 Al —a) 1 Al—8
s kX(:)pk “ p,B) —§)? by -y (A—y) T 1-e
(52)

5 Waiting Time and Sojourn Time

In this section, we analyze the waiting time(the time a customer spends in the queue) and
sojourn time (the time a customer spends in the system) by the first passage time analysis.

Let Hy, Hy and H; be the probabilities that the new arrival need to wait for its service,
given that server is in working vacation, vacation and regular service period, respectively,
when the new arrival comes. We can easily get

Ho= Ym0 =K Y vt =K, (53)
= k=1
=Zﬂk’1_ (54)
k=0
R E—vy §—c¢
Hz_;”k’z_K<“(1—s><1—y)+”ﬂ(1—s><1—s>)’ 43
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Let W and W* (s) be the waiting time of a tagged customer and its corresponding LST,
S and S*(s) be the sojourn time of a tagged customer and its corresponding LST. To find
the distributions of W and S, an absorbing Markov process is introduced to describe the
change of position of a tagged customer in the queue. The transition rate matrix Q1 for the
absorbing Markov chain is given by

0[O0 0 0 0 O
1 Di Dy
2 Dy Dy .
01=3 D, Dy R I (56)
4 Dy Dy ---

where {0, 1, 2, 3, ...} represents position of a tagged customer in queue.

n —Ow+n 0 0y n
Di=|0].,Dy= -6, 6, |,D = 0 . (57)
7 —u 7

Note that the stationary distribution of system size just before the new customer arrivals
is given by Eq. 10 which is also the stationary distribution of system size as seen by the
tagged customer at its arrival epoch. Then we can obtain the following two theorems.

Theorem 4 The LST of the waiting time of an arbitrary customer is given by

0 + (1—q0)
s+60y+n—-y) s+0p+n(l—y)s+u(l—y)

(s+p)d—e) 0, { +uw)d—-§& pnd—y)
1 + Hy yq1
s+ul—e) s+6, s+ud =& s+ul—y)

W*<s>=H+Ho{q bu +n=y) bwt+n(—y) pl-—y) }

s+uw)d -8 pnd—e
1 —
* "‘)s+u<1—s>s+u(1—s)}’
. (58)
where Hy, Hj and H> are given by Eqs. 53-55, H =1 — Hy — Hy — H, and
0o = nd—vy) 1 = a(—y)1-¢) (59)
Oy +n(1—y) aE-U-—e+ppE—-—e)1—-y)

Proof According to the equation (3.9.5) in chapter 3.9 of Neuts (1981), we can get the
following LST of the waiting time

Oy

W* (s) =
(s) 7T00+7T01S+9U

o.¢]
k
+ " G0, mr m2) (1= D)™ Di) e (60)
k=1

where e denotes a column vector with appropriate dimension, whose elements are all equal
to one.
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By direct computation, we can obtain

1 O O
. §+60w+n | (s+u)(é+9w+n) n
— - — R S v
(sI= Do)~ D1 = T GEDE) 0
s+ H
n 0 Ow it
s+0u+n 7 (sHu) (50w +n)
— v
- s+ (s+0)
2
s+u
For convenience of the following calculations, we denote - +6” G +H)?;J‘f9 e
w w
Oyt " ’ / ’ ’ : :
GCTOGI0)’ i by |, 135 I33» F33, T€spectively, that is
/ /
| ATRURSE
(sI — Do)~ D1 = 0 r£3 . 61)
/
33

Then we have

6 > ~ k
W* (s) = o0 + o1 ——— + Y (Tko k1, Th2) ((SI - D) lDz) e

s+ 6, P
Oy 1 "y , 1 1
=K+K +Krjyy———————
ps+9v1—r§3s 1—ry r13y1—r{1y1—r§3y
+K ! ! + KpB ! !
a _ _
1—riE 1 —ryy P 1 —rpE 1 —rye
0
—K+Kkp T g Al
s+bhs+uld—e s+60y+nl—y)
0 —
K w ny +Ka(s+ ) wE—y)
s+0p+n(l—y)s+pnd—y) s+pnd=8)+nd-y)
)
+KpB (s + ) -
+pnd—=8)E+ud—e)
(62)
By routine calculation, Eq. 62 can be transformed to
- Ow +n (1 — Ow +1n (1 — 11—
W*(S)=H+Ho{qo wtn(=y) gy Oetnd=y) pld-y) }
§s+60u, +n (1 —y) s+0p+nl—py)s+ud—y)

G+wd—e) 6, +H{ s+md—8 pd—y)
Ystnd—e) s+6, T SsTad-8 s+ud—y)

s+wd-=%§ pnd-e¢
+d —q1)
s+ul—8) s+u(l—e
) (63)
where Hy, H; and H; are given by Eqs. 53-55, H = 1 — Hy — Hy — H;, , qo and ¢ are
given by Eq. 59. O
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Theorem 5 If p < 1, and 0,,, 6, > 0, the LST of the steady-state sojourn time is given by

" Opw +n(l—y) Op +n (1 —y) uwl—=y)
= P, 1—
S °<q°s+ew+n<1—y>+( qO)s+9w+n(1—V)s+u(1—V))

Oy u(—e) ud-=8 puld-y)
+P1<s+evs+u<1—e))+P2<‘“s+u<1—s>s+u<1—y>

n(l—&) M(1—€)>
s+u(l—8s+pl—g)’

+d —q1)

(64)
where Py, P and are given by Eqs. 22-24, qo and q are given by Eq. 58.

Proof On the basis of Q1, we can obtain LST of sojourn time of an arbitrary customer

x -1 - -1\
§*(s) = (70, mo1, 0)(sI — D1)~" Dre+ Z(ﬂko, k1, Tk2) ((SI — D) Dz) e
k=1
(65)
The following procedure is similar to that of Theorem 5, we omit it. O

Remark 4 From Theorem 4, we know that the steady-state waiting time of an arbitrary cus-
tomer has the following probability explanation, that is, with probability H, the waiting
time equals to zero; with probability Hyqo, it equals to an exponential random variable with
parameter 6, + n (1 — y); with probability Hy (1 — qo), it equals to sum of one exponen-
tial random variable with parameter 6,, + n (1 — y) plus one exponential random variable
with parameterp (1 — y); with probability Hi, it equals to the sum of one modified expo-
nential variable with parameter (1 — ¢) plus an exponential random variable with the
parameter 6,; with probability H»q, it equals sum of one modified exponential variable
with parameter p (1 — &) plus an exponential random variable with parameter u (1 — y);
with probability H> (1 — q1), it equals to sum of one modified exponential variable with
parameter 4 (1 — &) plus an exponential random variable with the rate u (1 —¢) .

Remark 5 From Theorem 5, we know that the steady-state sojourn time of an arbitrary cus-
tomer has the following probability explanation, that is, with probability Poqo, it equals to
an exponential random variable with parameter 6,,+n (1 — y); with probability Py (1 — go),
it equals to sum of one exponential random variable with parameter 6,, + 1 (1 — y) plus
one exponential random variable with parameter i (1 — y); with probability Py, it equals to
the sum of one modified exponential variable with parameter i (1 — ¢) plus an exponential
random variable with parameter 6,; with probability P.q, it equals sum of one modi-
fied exponential variable with parameter u (1 — &) plus an exponential random variable
with parameter u (1 — y); with probability P> (1 — g1), it equals to sum of one modified
exponential variable with parameter (1 — &) plus an exponential random variable with
parameter p (1 — ¢) .

From Theorem 4 ,Theorem 5 and the Remark 4 and Remark 5, we can easily get the
means of waiting time and sojourn time of an arbitrary customer.

Ow+u(l—1y) ( 1)
E (W) = H, +H +—
W)=t na—yaa—y T\ ua=e Ta,

& q1 I —q )
H s
* 2<M(I—S)+u(1—y)+u(1—£)

(66)
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1 1 1 1
E(S):P°<ew+n<1—y) Hl_q")u(l—y))”‘ (E*u(l—s))

1 1 1 (©7)
+P2< +aq +(1—¢11)7>~
pnd =8 nd—=y) p(l—e)
We can verify that E (S) is equivalent to the following equation
ES) =K@+ pp)—— + K [~ vkp P ()
= o D p .
p(l—§)7° Ow+nd=y)A—-y) 0y (I —¢)
Comparing the Egs. 52 and 68, we can verify the Little’s formula:
E (Ly) =AE(S). (69)

6 Busy Period Analysis

In this section, we consider the busy period by the theory of limiting theorem of alternative
renewal process.

The duration in which a server works at a rate of u continuously is called regular busy
period, denoted by B, Also, the continuous durations that the server is in working vacation
and vacation are denoted by V,,, V,, respectively. A regular busy period can start at the
instant when a working vacation or a vacation finishes, then a busy cycle C is composed of
a working vacation V,,, several vacations V, (if exists) and subsequent regular busy period
B. Note that there is just a working vacation in a busy cycle C, and E (V) = 6, I, Using
the theory of limiting theorem of alternative renewal process and Eq. 22, we have

1 E (V,
K——=P{J=0}= V) (70)
1—vy E(C)
Thus the expected busy cycle is
E©) =+ 1)
T Kby

Table 1 Steady-state probabilities in the D/M/1 queue with single working vacation and vacations
k ko Tkl k2 Tk Pk
0 0.1647 0.0905 0 0.2552 0.1148
1 0.0294 0.0356 0.2062 0.2711 0.2816
2 0.0052 0.0140 0.1715 0.1907 0.2321
3 9.3429¢-004 0.0055 0.1128 0.1193 0.1532
4 1.6663e-004 0.0022 0.0684 0.0708 0.0932
5 2.9720e-005 8.5106e-004 0.0399 0.0408 0.0545
14 5.4275e-012 1.9138e-007 1.9722e-004 1.9741e-004 2.7101e-004
15 9.6802e-013 7.5257e-008 1.0782e-004 1.0790e-004 1.4818e-004
16 1.7265e-013 2.9594e-008 5.8914e-005 5.8943e-005 8.0971e-005
Sum 0.2004 0.1492 0.6503 0.9999 0.9999
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—p=0.3
9r —p=0.6]
p=0.9

Fig. 1 The mean system size at the arrival epochs for changing n

Similarly, using the alternative renewal theorem and Eqs. 23 and 24, we have

p(-y)

E(VU)ZP{JZI}E(C)Zm,

(72)

_ _ -y §—vy §—¢
Ew=ru =280 =L (eqopd i) 0

10

— p=0.3
9r —p=0.6 |
p=0.9

Fig. 2 The mean system size at the arbitrary epochs for changing n
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10

Fig. 3 mean waiting time for changing n

7 Numerical Examples

The results of some numerical examples are depicted in this section. We consider two types
of inter-arrival time distributions: deterministic and Erlang distributions.

For the D/M/1 queue with single working vacation and vacations, we assume that A =
0.75, u =1, 6, = 0.8, 6, = 0.7 and n = 0.6, and use Table 1 to present the steady-state
probabilities o, 7k1 k2 and pg under the condition that the parameters are fixed. From
Table 1, we can observe that when k =16, 3 and p; become so smaller that the probabilities
even can be omitted. The sums of 7 and py from O to 16 also verify this result.

11

—p=03
10 — p=0.6
p=0.9

0 0.2 0.4 0.6 0.8 1

Fig. 4 mean sojourn time for changing n
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4.2

0

w

Fig. 5 The effects of 6,, on mean system size at arrival epochs

For the E2/M/1 queue with single working vacation and vacations, we focus on the
effects of service rate in the working vacation n on the performance measures of interest
such as mean system size at arrival epochs and arbitrary epochs, the mean waiting time and
mean sojourn time. To this end we assume that regular service rate © = 1,6,, = 0.3 and
6y, = 0.6 are fixed, and choose A as 0.3, 0.5 and 0.8 to represent light, medium and high
traffic intensities, that is, p = A/ = 0.3, 0.5 and 0.8, respectively. In Figs. 1, 2, 3, and 4,
we plot the change trends of various performance measures as 7 increase from O to 1 under
the corresponding traffic intensities. It is obvious that, if 7 is fixed, the higher p is, the larger
the mean system size at the arrival epochs, mean system size at the arbitrary epochs, mean
waiting time and mean sojourn time become. We also observe that increased 1 leads to the
smaller of these performance measures.

4.55

4.5

4.45

4.4

4.35

E(W)

4.3

4.25

4.2

4.15

4.1

4.05
0

Fig. 6 The effects of 6, on mean sojourn time
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3.74

3.72 b

3.7 4

3.68 b

3.64 b

3.62 ]

3.6 - ’ -
0 20 40 60 80 100

Fig. 7 The effects of 6,, on mean sojourn time

Assuming that A = 0.8, u =1, n = 0.6, 6, = 0.6, Figs. 5 and 6 display the
expected system size at arrival epochs and expected sojourn time as 6,, varies. We can find
that the expected system size at the arrival epochs and expected waiting time increase and
both converge to fixed constants as 6,, increases, as we expect.

In Figs. 7 and 8, we assume thatA = 0.8, u =1, n = 0.6, 6,, = 0.6, and plot the mean
system size at arrival epochs and the mean sojourn time of an arbitrary, with 6, varying. A
similar property as the Figs. 5 and 6 can be found that the mean system size at arrival epochs
and mean waiting time both decrease and converge to fixed constants as 6, increases, as we
expect.

3.88

E(W)

60 80 100

Fig. 8 The effects of 6, on mean sojourn time
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8 Conclusion

In this paper, we analyze GI/M/1 queue with single working vacation and vacations and
have done works in several aspects:

1. Using matrix geometric solution method, we derive the stationary distribution of
the system size of our model at arrival epochs and its corresponding stochastic
decomposition.

2. Using the method of semi-Markov process (SMP), we gain the stationary distribution
of system size of our model at arbitrary epochs.

3. By the first-passage time analysis, we acquire the waiting time and sojourn time of an
arbitrary customer.

4. Some numerical examples are performed to study the effect of some parameters on
performance measure of interest

Appendix

In this appendix, we construct the transition matrix P explicitly and the expressions of the
entries in P are also shown here.

Case 1 Consider the transition from state (i, 2) to state (j, 2), for 1 < j < i + 1. Define

® k
/ D" ~utg A 1), k >0, (74)
0

then by (k > 0) represent the probabilities that there are k customers served completely
during an inter-arrival time in the regular service period. Therefore,

PG, 2,2 = bi—j+1. (75)

Case 2 Consider the transition from state (i, 2) to state (0, 0). Define
oot h—
/ f A x) ) g (1), fork > 1, (76)
0

then b represents the probability that k customers are served in regular period, then the
server enters the working vacation period and the working vacation has not ended before
the next arrival. So

P,2),0,0) = b4 - (77)
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Case 3 Consider transition from state from (i, 2) to (0, 1), that may occur when i+1 cus-
tomers are served in the regular period, then the server enters into the working vacation and
subsequently into the vacation period before the next arrival. Hence

oot
M(MX) —0, (—
Pa.2)0,1) —// I x)) dxdA (1)
0

oot
// P ' i dA (1) — ff“(“x) “0ut=9) g d A (1)
0
:/ ( (W )dA() / / O 000 dxd 4 1)
0

0

(78)

/
=1- b —biyy-
k=0

Case 4 Consider the transition from state (i, 0) to (j, 0),fori > 1, 1 < j < i+ 1. Define
x k
t
o= / et e maaw), (79)

0

then ¢ (k > 0) represents the probability that the residual working vacation is longer than
an inter-arrival time and k services are completed during the inter-arrival time. Hence

D, 0),(j, 0) = Ci—j+1- (80)

Case 5 Consider the transition from state (i, 0) to (j, 2),fori > 1, 1 < j <i+ 1. Define

r k J k)
dy = O/./Qwe_ﬁwx Z %e—nx « %e—u(t—x)ddi(t), @1)

then d; (k > 0) represents the probability that an inter-arrival time is longer than the resid-
ual working vacation, and the server resumes to the regular service period and k customers
are served in the inter-arrival time. Hence

PG, 0).(j.2) = di—j+1- (82)
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Case 6 Consider the transition from state (i, 0) to (0, 0) , and we would like to point
out that there are two possible ways to cause the transition from (i, 0) to (0, 0). One is
that if the residual working vacation is longer than an inter-arrival time, and more than
i + 1 customers can be served during the inter-arrival time, the other is that if the ongoing
working vacation ends during an inter-arrival time but before there are i + 1 service com-
pletions, and the (i 4 1)st service completion occurs during a regular service period, and a
newly started working vacation does not complete during the remaining inter-arrival time.
Therefore,

o .
—opt [T (nX)’
Mwmmzfe@{/ e MdxdA (1)
0

0
® k / i—k
+ / / e * ("I:) e ™ / M(M((-y _,:;3) e MO0 dydxd A(t)
. 1 — .
00

= Cip1 +dig ®3)
where

B i n )~
_/e / (1_1)' YadxdA (1), (84)
0

i—1 !

® k p il
d = Z//GW —Oyx nx) mx) - /“(“(i(y_ ] x_))k)‘ e MO0 g =0u =) gy dxd A(r).
k=07 ’

X
(85)
From the definition, we can find that ¢; (k =0, 1, 2...) and cl/. (i =0,1,2...) satisty the
following relationship:

Y ety =PV, = Al =a" 0w, (86)
k=0

where V, is the residual working vacation and A stands for the limit of 7,, as n — 0.

Case 7 Consider the transition from state (i, 0) to (0, 1). Note that there are also two
possible situations that may cause (i, 0) to (0, 1). One is that if the residual working vaca-
tion is longer than an inter-arrival time, more than i 4+ 1 customers can be served during
the working vacation, the other is that there are k (k < i + 1) customers served during the
working vacation and the residual customers are served in the regular busy period, the
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system enters another working vacation during which no one comes, and the next arrival
occur in the vacation period.

1

00 .
_ n(nx)' _
P,0),0,1) /:/ %x/‘ ?' e dxdA (1)
0

. t
i k _ i—k
" /Qwe—ewx Z (nx) e—nX/ i (”“(fy_ kx))') o) (1_ e—Gw(t—y)) dydxdA (1)

i k
/ B, e~ 0 (1 -3 ("If!) e"")ddi (t)
0

k=0

—k
Qwe_gwxz(n;) Z(u(r—x» —u-9 \ axaa @)

t
! k=0
' ok (1 (y — 0y
/ buer 3 ”k‘ " / puly = 1O g =0u1=3) gy d A (1)
J = ! (i —k)!

X

i
=1—a*(9w)—2di— "
—I—ch ; Zd e

87

In the above equation, we use the following equalities:

j!

k —k NY
Zd ‘/ f e n:') e*'“Z—(“ ) ue=9gxda o).
—0 ' =0

i
a* by = ch + iy

Case 8 Consider transition from state (i, 1) to state (i + 1, 1), fori > 0, which can occur
if and only if the residual vacation time is longer than an arrival time. Therefore, we have

P{A <V, = /e*Qv’dA () = a* (6,) . (88)
0

where V, stands for the residual vacation time. For convenience, we denote a* (6,) by
&.Thus,

PG,1),(i+1,1) = €. (89)

@ Springer



Methodol Comput Appl Probab (2017) 19:685-714 713

Case 9 Consider transition from state (i, 1) to state (j, 2),fori > 1, 1 < j <i+ 1.
It can occur if that the inter-arrival time is longer than the residual vacation time, then the
server enters into regular service period, and there are i-j+1 customers served with the rate
w and then the next customer arrives. This gives

oot

Lo (@ —x)) I

DPa.1).(.2) =// Oux M(l — D RO dxd A(r) =ei_jti. (90)
0

Case 10 Consider transition from state (i, 1) to state (0, 0) which can occur if the residual
vacation time is shorter than an inter-arrival time, after the vacation, the server will enter
the regular service during which i+1 customers are served with rate 1 , and the next arrival
occurs in the subsequent partial close-down time. Therefore

0o f t .
Pi.1),(0.0) :f/91;@_6”)(/Me_u(y_x)e_gl”(t_y)dyddi(t) — ez/'-H 1)
1.

Case 11 Consider the situation from state (i, 1) to state (0, 1) which may occur if an inter-
arrival time is greater than the residual vacation, i 4+ 1 service times, and the subsequent
working vacation, and the next arrival will occur in the vacation period. Hence

_ 1
Pi o, = /Gve_g”"/iu (n (i' %) e HO=Y) (1 - e‘gl“(t_”) dydxdA (1)

0 x

i RN 3
Gpe v (1 — Z AUt (zk! *) e"(tx)> dxdA (1)
k=0 ©2)

t .
_ 1
Y P / RULZ OV oiaty= =000 dydxd A (1)
Ll
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