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Abstract. A finite-buffer single-channel queueing model with batch
Poisson arrivals and generally-distributed processing times is considered,
in which a variant of a vacation policy is implemented. Namely, every
time when the service station becomes idle, a number of constant vaca-
tion times are being initialized repeatedly, until at least one packet will
income into the accumulating buffer. During the whole vacation period
the processing of packets is suspended. Applying the analytical method
based on the idea of embedded Markov chain and linear-algebraic app-
roach, a compact-form representation for the Laplace transform of the
queueing delay tail distribution is found. The considered queueing sys-
tem can be utilized in performance evaluation of wireless network nodes
with energy saving mechanism based on constant repeated vacations.
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1 Preliminaries

Queueing systems with finite buffer capacities are intensively studied nowadays
due to their wide applications, in particular in modelling the operation of com-
puter and telecommunication networks’ nodes. Models with different-types lim-
itations in the access to the service station seem to be of particular importance,
due to their potential using in energy saving modelling, being one of the most
essential problems in wireless communication. In this case each busy period of
the considered queueing system can be treated as an active period in the opera-
tion of the wireless network node (e.g. wireless sensor network) while, similarly,
each idle time may be considered as a sleep (power saving) period.

In the literature different-type policies are proposed for supporting energy
saving modelling. One of them is the so called multiple vacation policy (MVP in
short). The sense of MVP is in that the service station (e.g. the radio transmit-
ter /receiver of the wireless sensor network’s node) takes a number of repeated
independent vacation periods, every time when the queue of buffered packets
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being directed to the node becomes empty. Successive vacation periods are being
initialized until, at the end of one of them, at least one packet will be detected
(so at least one packet will income into the accumulating buffer). For example,
the mechanism of repeated vacations implemented into the M/G/1-type system
is proposed in [14] (see also [1,18]) in modelling of type I energy-saving mode in
IEEE 802.16e standard, and some performance measures are found there.

It is easy to note that theoretical results obtained for different-type queueing
models with some service limitations are given in the stationary regime, i.e. they
relate to the stochastic characteristics in the case of ¢ — oco. In practice, there are
some situations in which transient analysis seems to be more recommended. For
example, in the case of rather low intensity of input traffic (as it can be observed
e.g. in some wireless sensor networks), in the case of performance evaluation of
the system shortly after its starting (or after the application of a new control
mechanism) or after the breakdown that destabilizes the system’s operation.

In the paper we study the transient queueing delay in the M*X /G /1/N-type
finite-buffer queueing model with batch arrivals and the power saving mechanism
based on a variant of MVP in that successive server vacations in a single MVP
period have constant lengths. Queueing delay (called also virtual waiting time)
at arbitrary fixed time epoch t takes a random value equal to the waiting time
of the packet occurring in the system exactly at time ¢. Since this time need not
be a “real” arrival moment, hence the term “virtual”. Applying the theoretical
approach based on the idea of embedded Markov chain, the formula of total
probability and linear algebra, the representation for the Laplace transform of
the tail cumulative distribution function (CDF for short) of the queueing delay
at given time ¢ is found, conditioned by the initial level of buffer saturation.

The review of steady-state results for different vacation queueing models can
be found in [4,19]. An infinite-buffer queueing model with BM AP-type input
stream and server vacations is investigated in [17]. Analytical results for finite-
capacity systems with server vacations can be found e.g. in [5,6,15,16,20]. In
particular, one can find the formulae for the stationary waiting-time distribu-
tion in the case of autocorrelated arrival stream in [15,16]. The formula for the
queueing delay distribution in the system with MVP and Poisson arrivals in
equilibrium is derived in [20]. More complex vacation policies can be found in
[2,21]. In [2] M/G/1-type system with server activity controlled by a timer is
studied in the stationary case. The model reduces to the “usual” MVP queue
with a zero-length timer duration. A queueing system with batch Poisson arrivals
and server vacations controlled by the Randomly Timed Gated protocol is inves-
tigated in [21].

Time-dependent (transient) results on the queueing delay distribution in
general-type models with batch arrivals and infinite buffers can be found e.g.
in [7,8]. The approach used there is based on integral equations and Wiener-
Hopf factorization technique. Finite-capacity queue with MVP is studied in [9)].
Analytical results on non-stationary queueing delay in systems with more com-
plex control mechanisms can be found in [10-12].



Queueing Delay in a Model with Constant Repeated Vacations 313

The remaining part of the article is organized as follows. In the next section
we give the detailed description of the considered queueing model. In Sect. 3 we
obtain a system of integral equations for conditional queueing delay tail CDF.
The corresponding system for Laplace transforms is found in Sect. 4. The solution
of the system, written in a compact form (main result) is given in Sect. 5.

2 Model Description

An MX/G/1/N-type queueing model is considered in which packets arrive
according to a compound Poisson process with rate A and generally-distributed
group sizes. Namely, exactly k packets arrive simultaneously with probability px,
where 220:1 pr = 1. It is assumed that packets are being processed one by one,
under the FIFO service discipline, with a general-type cumulative distribution
function (CDF for short) F(-) of processing time. The accumulating buffer has
capacity of N — 1 packets, so the maximal system state is assumed to be N.
Every time when the service station becomes idle, a variant of a multiple vaca-
tion policy is being initialized: successive constant vacations of length D > 0
are being started repeatedly until at least one waiting packet will be detected in
the accumulating buffer at the end of one of them. In such a case, at the same
moment the processing restarts and so on.

3 Transient Equations for Queueing Delay Conditional
Distribution

Let us denote by v(t) queueing delay at time ¢, namely the waiting time of a
packet entering (hypothetically) exactly at time ¢.
Introduce the queueing delay conditional tail CDF as follows:

Va(t,z) @ Plu(t) > 2| X(0)=n}, t>0,2>0, (1)

where X (0) stands for the system state at the starting epoch ¢ = 0.

Consider, firstly, the case of the system being empty before its opening and
fix a moment t > 0. Three possible and mutually excluding situation may then
occur:

e the first multiple vacation period ends before ¢ (A);

e the first multiple vacation period ends after ¢ but the system is not empty at
t (B);

e the first packet enters after time ¢ (C).

Let us note that the following equation is then satisfied:

P{(v(t) >z) N A| X(0) =0} = i/t Ae ™ MI{kD <y < (k+1)D <t}
k=00
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N—-1 N—i—1 r
Al(k + 1)D — o
ZPi( > Z{ 2, y]} DDV (8 = (k4 1)D, )
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+Vn(t— (k+1)D,z) Z Z{A k“ — Yl -ale+)D- y1p1>
r=N—i j=0
i=N

where p/* denotes the rth term of the j-fold convolution of the sequence (py)
with itself and I{II} is the indicator of the random event I7.
Similarly, we have

P{(v(t) >z) N B|X(0) =0} = i/t Xe MWI{kD <y, (k+1)D > t}
N—-1 N—i—1 r

Z Z Z oAt y)p] F(H_T ( 7(k+1)D+t)dya (3)

r=0 j5=0

where F* (u) ©ry o (u) and F7*(u) stands for the i-fold Stieltjes convolution
of the CDF F(-) with itself and is defined as

FO(t) =1, F(t) = F(1), F(”“)*(t)=/OtF"*(t—y)dF(y), (4)

where ¢ > 0 and n > 1.
Evidently, P{(v(t) > ) N C'| X(0) = 0} = 0, since then the packet entering
at time ¢ has no waiting time.
Due to the fact that
Vo(t,x) = P{(v(t) >z) N A|X(0) =0}
+P{(v(t) >2z) N B|X(0) =0} +P{(v(t) >z) N C|X(0) =0}, (5)

evaluating integrals in (2)—(3), we obtain

Vo(t,x) =Y e M IPI{(k+1)D < t}
k=0
N-1 N—i—1 r
zpz(z S O Vi~ 0.
1= r=0 j5=0

+Vn(t—(k+1)D,z) Z Z j+1 >+VN(t—(k+1D;v > pi

r=N-—1i j=0 i=N
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Assume now that the buffer is not empty at the starting time. In such a
case successive departure epochs are Markovian moments in the evolution of the
system (see e.g. [3]). Applying the law of total probability with respect to the
first departure epoch y > 0 after the opening of the system, we obtain

v/[

+VN_1(t—y,.T) Z
=N—

2

N—n—1 1
ﬂyp?*VnJrz'—l(t -y, )

3=0

2

J . ® (1)«
(qu-!v) e Mpl*|dF +/ FO™" (@ -y + 1)dF (y),
. t

(7)

n j=0
where 1 <n < N.

4 Linear Equations for Transforms

In this section we transform the original system of Egs. (6)—(7) to the corre-
sponding linear one written for Laplace transforms.
Indeed, let us introduce the following nomenclature:

def % sty (4 o\t
v (8, ) —/O Vo (t, z)dt; (8)
a(s def 0067()\+s)t (At)?
@0 > ek Q

def e OFID I (AD)H

€ VLR
ar(s) - 1—6_(>‘+S)D = (]+1)'pr ’ (10)
ba(s,7) < / et / ' a—y+ DA (), (1)

Yy=

def —(A+s)D N— o r
pls) = 1_c—Ots)D Z Z Z j* +sz (12)

e =1 r=N-—1i3j=0

and
+(5,2) déf/o OIS [{(k+1)D > 1)

k=0
N—-1 N-i—1

—(itr)* "L\t — kD)
> pi Y F v—(k+1)D+1) )y ————=—pl*dt.

(13)
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Now, the Egs. (6)—(7) can be rewritten as follows:

N—-1 N-—i—1

sz Z ar )Ui—&-r(sax) +UN(87£B)6(S) +7(87$)7 (14)
r=0
N—-n—1 o)

Z a;(8)nti—1(8,2) + vn_1(s,x) Z a;(s (s,x), (15)
=0 i=N —

K3 n

where 1 <n < N.
Let us introduce into Egs. (14)—(15) the following substitution:

wy (s, x) def UN—n(S,T), (16)

where 0 <n < N.
After this transformation the system (14)—(15) takes the following shape:

n

Z 11 (8)Wn—k (8, @) — wr(s,2) = Pn(s, ), (17)

k=—1
where 0 <n < N — 1, and

N-1 N—i—1

z) = Z i Z an—i—r($)wr(s,2) + wo(s,x)B(s) +v(s,x), (18)
i=1 r=0

where the functional sequence (¢, (-,-)) is defined in the following way:

)
def

On(8,2) = apt1(s)wo(s,z) —wi(s,x) Z ar(s) — by_n(s, ). (19)

k=n+1

5 Compact-Form Solution

The general solution of the algebraic system of the form (17) but with infinite
number of equations (written for n > 0) can be written as follows (see [13]):

wr(s,2) = C(s,x)Rpy1(s) + ZRn_k(sMk(s,x), (20)
k=0

where n > 0 and the sequence (R, (s)) is defined by coefficients aj(s) as follows.
Introduce the following generating functions:

) ST R(s), Als2) E Y FFanls), o < L. (21)
k=0 k=0

Now the following relationship is true:

z

R(s,z) = Al =2
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To find successive terms of the sequence (Rk(s)) we can use the Maclaurin

expansion. Indeed, if we denote Q(s, z) def m, then we obtain
k k
pRECAEES SR R &
k=0 k=0 0z* (.0 k
and hence
o*Q 1
R = —F —. 24
k(s) 0zF 1(s,0) k! (24)

In particular, we have Ri(s) = ..

Since the number of equations in (17) is finite, we can use the Eq. (18) as
a specific-type boundary condition to find C(s,x) explicitly. In fact, instead of
C(s, ), we will find the formula for wg(s,z). Indeed, the relationship between
C(s,z) and wy(s,z) can be easily obtained from (20). Substituting n = 0, we
get

C(s,z) = wo(s,z)[Ri(s)] ™" = wo(s,z)ag(s). (25)

Similarly, since >, ar(s) = f(s), where f(-) is the Laplace transform of CDF
F(-), we obtain from (19), written at n =0,

do(s,x) = ar(s)wo(s,z) —wi (s, x)[f(s) — ao(s)] — bn (s, x). (26)
From (17), taking n = 0, we obtain
oo(s,x) = ap(s)wi(s,z) + ar(s)wo(s, ) —wo(s,z). (27)

Comparing the right sides of (26) and (27), we get wi(s,z) in a function of
wo (s, x), namely

wi(s,x) = [f ()] {wo(s, @) — b (s, 2)]. (28)

The remaining task is to find wy(s, z) explicitly. In order to do it, we write the
representation for wy(s,x) in two different forms: in the first one we use the
general form of solution (20) and in the second one we use the Eq. (18). From
(20) written at n = N (having in mind (25) and (28)) we get

wy (s, 7) = wo(s,x)ao(s)Ry+1(s +ZRN k(

< {ara(shwo(s,2) = (£ fwo(s. ) —by(s,2)] Y- ails) = by-i(s,2)}.
i=k+1
+ (29)



318 W. M. Kempa and R. Marjasz

Similarly, applying (25) in (18), we get

— N—i—1

sz Z aN—i- r{wO s,2)ao(s) Rry1(s)

+ ZRM(s) |aks1(s)wo(s,2) = [F()] (s, ) = (s, 0)] D aals)
k=0 i=k+1
~ bn_(s, x)] } +wo (s, 2)B(s) + (s, ). (30)
Comparing the right sides of (29) and (30), we eliminate wo(s, z) as follows:
wo(s,z) = Th(s,z)Ta(s, x), (31)
where
T (s,x) dif{ s)Rn+1(s +ZRN k( [ak-u(s) - (f(S))il Z az‘(S)}
i=k+1
N-1 N—i—1 r "
- sz Z i () [a0(s) Res1() + 3 Ro(s)[aksa(s)
k=0
()Y ai<s>}] - 6(8)} (32)
i=k+1
and
N—-1 N—i—1 T
sxdefzpzzowl’" R, _ k(S)
k=0
X {[f(s)]_le(S,x) Z a;(s) — bN,k(s,x)} + (s, x)
i=k+1
N oS
=Y Bun){ [f9)] "onls2) 3 ails) —br-ils,a)p. (33)
k=0 i=k+1

Now, collecting the formulae (16), (20), (25) and (31), we obtain the following
main result:

Theorem 1. The Laplace transform of the queueing delay conditional tail CDF

i the considered queueing system with constant repeated vacations can be written
in the following way:

N—n
vn(s,2) = {a0() Ry —ni1(s) + D Rav-nn(s) [ ans1(s)
k=0

Y ale)] Vs, 0)Bals, o)

i=k+1
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N—n oo
+ Z RN,n,k(s){ [f(s)]_le(s,x) Z a;(s) — bek(s,x)}, (34)
k=0 =

where 0 < n < N and the formulae for ay(s), bi(s,z), Ri(s), Ti(s,x) and
Ts(s,x) are given in (9), (11), (24), (32) and (33), respectively.
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