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Abstract

We investigate the dynamics of customer geometric abandonment within a queueing frame-
work characterized by renewal input batch arrivals and multiple vacations. Customers’
impatience becomes evident when confronted with server vacations, triggering instances
of abandonment. This phenomenon reduces the number of customers within the system dur-
ing abandonment epochs following a geometric distribution. The probability of customers
leaving the queue escalates with prolonged waiting times. We derive concise and closed-form
expressions for system-length distributions at pre-arrival and arbitrary epochs by harness-
ing the power of supplementary variable and difference operator methods. Furthermore, we
elucidate specific instances of our model, shedding light on its versatility. To substantiate
our theoretical framework, we provide a series of illustrative numerical experiments pre-
sented through meticulously crafted tables and graphs, thereby showcasing the robustness
and applicability of our methodology.

Keywords Renewal input - Batch arrival - Geometric abandonment - Difference operator -
Roots - Vacations

Mathematics Subject Classification 60K25 - 68M20 - 90B22

1 Introduction

Numerous articles have investigated server vacations in queueing systems, analyzing situa-
tions where servers may become temporarily unavailable to serve jobs during specific time
intervals. These scenarios are prevalent in real-life applications. For further insights into
vacation queues and related topics, one may refer to Doshi (1986), Takagi (1991) and Tian
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and Zhang (2006). Another area of research focuses on impatient queueing systems, where
impatience can arise due to server unavailability (vacations). Customer satisfaction decreases
when customers experience longer waiting times during server vacations, often leading to
abandonment and reluctance to return to the system, resulting in customers leaving with-
out being served. The literature, along with references such as Barrer (1957), Daley (1965),
Baccelli and Hebuterne (1981), Baccelli et al. (1984), De Kok and Tijms (1985), Goswami
(2015), and Goswami and Mund (2020), delves into customer impatience within the queueing
system. This queueing model plays a significant role in various real-life scenarios, including
call centers, emergency rooms of hospitals, and inventory systems storing perishable goods.
The literature explores multiple types of impatience, considering customer abandonments
such as independent, binomial, and geometric.

Several researchers have extensively studied independent abandonments in queueing sys-
tems, as evidenced by the works of Altman and Yechiali (2006), Yechiali (2007), Perel and
Yechiali (2010) and Dudin et al. (2023), and the references to these. These studies have pro-
vided a foundation for exploring more complex abandonment patterns, such as geometric and
synchronized abandonment. Dimou and Economou (2013) analyzed the M/M/1 queue with
geometric reneging and catastrophes, providing valuable insights into the impact of geometric
abandonment and unexpected system failures. The concept of synchronized abandonment,
involving various variations in simple Markovian queues, has been thoroughly discussed
in the works of Economou (2004), Adan et al. (2009), Economou and Kapodistria (2010),
Kapodistria (2011), Panda et al. (2016) and Panda and Goswami (2020). Adan et al. (2009)
also examined the M/M/1 and M/G/1 multiple vacation queues with synchronized aban-
donment, considering both single and multiple abandonment epochs occurring during each
vacation period. Goswami and Panda (2021) analyzed the renewal input multiple vacations
queue with synchronized abandonment, contributing to a comprehensive understanding of
abandonment patterns in complex queuing systems. Dimou et al. (2011) extended the study to
encompass the M/M/1 queue with vacations and geometric abandonment, adding to the exist-
ing knowledge on the interplay between vacations and geometric abandonment in queueing
systems. Furthermore, Sun et al. (2023) explored customers’ strategic behavior in an observ-
able N policy M/M/1 queue with geometric abandonments, shedding light on the influence
of observable queue information on customer decision-making. These research contributions
have significantly advanced our understanding of abandonment patterns in queueing systems,
providing valuable insights that apply to real-life scenarios in diverse industries.

Queueing models that prioritize customers arriving in batches rather than individually find
practical applications in various domains, including inventory and manufacturing systems.
However, the current literature review highlights the need for more attention to the renewal
batch arrival single server vacation queue with geometric abandonment. Fortunately, there is
a simple and effective solution using the supplementary variable technique and the shift oper-
ator technique, which enables the derivation of analytical explicit results without the need for
obtaining the Markov chain’s transition probability matrix at arrival moments or inverting
any probability-generating function. This method has gained popularity among researchers
due to its ease of implementation and understanding (Barbhuiya and Gupta 2019; Barbhuiya
et al. 2019; Yu and Tang 2022). A batch arrival single server vacation queue with geometric
abandonment is a specific queuing system type encompassing multiple customer arrivals
in batches, a single server responsible for handling these customers, and the possibility of
customers abandoning the queue based on a geometric distribution. As customers arrive in
batches, the system efficiently serves a single server. However, customers might leave the
system during vacation if their waiting time surpasses a certain threshold. A geometric dis-
tribution accurately models the abandonment behavior, where the probability of customers
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leaving the queue increases as their waiting time escalates. This comprehensive model effec-
tively captures real-world scenarios where customers may abandon the queue due to extended
waiting times during server vacations.

A realistic understanding of customer behavior in batch arrival queueing models with vaca-
tions and geometric abandonment is essential due to their relevance in real-life applications.
Travel, hospitality, and retail industries experience fluctuations in customer demands and
service requirements during vacation. These peak vacation periods often witness a surge in
customer traffic and longer service times due to increased demand and limited staff availabil-
ity. In such scenarios, a geometric abandonment queueing system becomes relevant, where
number of customers leaving the queue sequentially based on a geometric distribution if they
have to wait beyond a certain threshold during server’s absence. Implementing a vacation
queueing model enables organizations to effectively manage their resources and meet cus-
tomer needs during peak vacation periods. Despite its practical significance, the literature
on this topic remains limited due to the analytical complexity arising from geometric aban-
donment. This paper addresses this gap by analyzing the abandonment issue in a renewal
batch arrival and vacation queue setting. By delving into the dynamics of customer behav-
ior in such systems, the study provides valuable insights for organizations to optimize their
operations and enhance customer satisfaction during peak vacation periods. For instance,
consider a customer support call center that operates year-round but experiences a surge in
call volume during vacations. The call center has a limited number of operators available to
handle the calls, which leads to longer average time between arrivals during vacation periods.
To maintain a high service level, the call center aims to keep the average waiting time for
customers minimal. If a customer waits beyond a certain threshold, there is a probability that
they may abandon the queue. In such a setting, the call center can use a geometric aban-
donment queue model to analyze the system’s performance during vacations. By employing
the geometric abandonment queueing model, the call center can optimize staffing levels and
other operational parameters to achieve the desired service level targets and minimize cus-
tomer abandonment rates during peak vacation periods. This approach allows the call center
to efficiently manage customer demands and enhance overall service quality during increased
call volume.

The rest of the paper is organized into the following sections. Section 3 describes the
model and governing equations. Section 4 delves into analyzing steady-state queue-length
distributions at various epochs using the shift operator and the theory of difference equa-
tion method. Different performance descriptors of the system are presented in Section 5,
while Section 6 explores several specific cases of the proposed model. In Section 7, various
numerical examples illustrate the findings. Finally, Section 8 concludes the paper.

2 Call Center Application

A renewal batch arrival queue with vacations and geometric abandonment is a queuing
system that incorporates several features to model real-world scenarios more accurately. Let
us take an example of the call center. Call centers (Fig. 1) are one of the primary channels of
communication between businesses and their clients in various industries.

Operations must be increasingly customized and cater to customers’ needs as an essen-
tial requirement to meet their expectations. The quality of services can be measured using
stochastic models in queuing theory. In a call center queueing model, users call to get infor-
mation or resolve a particular issue, the servers are the system’s agents providing services
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Fig. 1 Schematic diagram of a call center

to users, and the queues are the users waiting for assistance. Call Centers frequently use a
queueing model to measure operational service quality in terms of performance metrics and
congestion. Whitt (2005) examined the queueing model in call centers without considering
the abandonment behavior of users, while literature (Baccelli and Hebuterne 1981; Garnett
etal. 2002; Mandelbaum and Zeltyn 2005; Brown et al. 2005) examined models that included
abandonment. The call center sector has increased, and due to this growth, managing call cen-
ters has become a complex business. Call center managers should choose a more appropriate
set of actions to maintain strategic and operating decisions.

In the existing literature, researchers discussed the arrival of calls single at a time that
follows Poisson distribution. There needs to be more discussion on the issue that multiple
calls arrive at the queue simultaneously as a group or batch following a general distribution.
However, as call centers expand, managing them becomes increasingly complex, necessitat-
ing data-driven decisions to improve strategic and operational aspects (Fig. 2). This study
proposes a GIX/M/1 + M queue model with multiple vacations and geometric abandonment,
where the impatience timer follows an exponential distribution. This approach effectively
assesses congestion issues and supports design and operational decisions in call centers.
The model considers incoming calls arriving in batches during specific time intervals, with
call center agents taking scheduled breaks (vacations) during which no service is provided.
Arriving callers may either wait until the planned vacation ends or abandon the queue due to
extended waiting times. The exponential distribution helps to model abandonment patterns,
where the probability of abandonment decreases with each attempt to get service. In other
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Fig.2 A batch queueing model representation of a call center
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words, the longer an entity waits in the queue, the more likely it is to abandon it. Applying
this model enables businesses and organizations to assess call center performance, identify
bottlenecks, and optimize resource allocation to enhance customer satisfaction and overall
efficiency. Organizations can make data-driven decisions that improve service quality and
customer experience by understanding call center dynamics through queuing models.

3 Description of the Model and Governing Equations

We consider a continuous-time GIX/M/1 + M queue with multiple vacations and geometric
abandonment. The key assumptions and description of the model are as follows:

— Customers arrive in batches of random size X with probability mass function (pmf) g; for
i =1,2,....The probability generating function (pgf) is denoted as G(z) = Y i, gz,
and the mean batch size is § = > ;o ig;. Since real-world scenarios often involve finite
batch sizes, we assume the maximum batch size is A for practical and computational
reasons. Therefore, the pgf and the mean batch size become G(z) = Zihzl gizi and
g= Z,h: | 1&i, respectively.

— The inter-arrival times of successive batch arrivals are independent and identically dis-
tributed (iid) random variables with cumulative distribution function A(u), probability
density function a () for u > 0, Laplace-Stieltjes transform (LST) denoted as A*(s), and
mean inter-arrival time 1/ = —A*((s), where A*()(0) represents the first derivative
of A*(s) evaluated at s = 0.

— The service times are exponentially distributed random variables with rate x. Customers
upon arrival join a single queue with infinite capacity and are served on a first-come-
first-served basis.

— After a service completion, if the system becomes empty the server goes on vacation.
Upon returning from vacation, if the server finds an empty system, it takes another
vacation. Otherwise, they end the vacation and return to active mode to serve customers
in the queue. Vacation times are exponentially distributed with rate 7.

— During server vacations, customers may abandon the queue according to a Poisson pro-
cess with rate ¢. At each abandonment opportunity, customers are considered one by
one sequentially. They either abandon the system with probability p or choose to stay in
the system with probability g, where p + ¢ = 1. Alternatively, we can also assume that
at an abandonment opportunity epoch, the number of customers in the system decreases
based on a geometric distribution.

— The traffic intensity of the system is given by p = Ag/u, where p < 1 ensures the

stability of the system under steady-state conditions.
In summary, the GIX/M/1 + M model accounts for the complexities of real-world scenar-
i0s, such as batch arrivals, server vacations, and customer abandonment, which are vital
considerations for understanding and optimizing the performance of queueing systems
in various practical applications.

We study steady-state system using the supplementary variable technique. The system state
at time ¢ can be described by a Markov process {(N(¢), I(t), V(¢)),t > 0}, with state space
{(n,i):n>i=0,1} x [0, 00), where

— N(t) is the number of customers in the system at time 7,
— I(¢) is the server’s state at time 7, O if the server is in vacation, and 1 if the server is busy,
— V() is the remaining inter-arrival time of the next arrival at time ¢.
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Let us define the joint probabilities as

ko, ) dv=P{N@t)=k,v<V(@) <v+dv, I(t)=0},v>0, k>0,
ki, ) dv=P{N@t)=k,v<V@) <v+dv,I(t)=1}, v=>0, k> 1.

In steady-state, we have

T, 0(v) = tlirgoﬂk,o(v, 1), v>0, k>0,

7,1 (V) = tl_i)Igoﬂk,l(v,t), v>0, k> 1.

By relating the states of the system at time ¢ and ¢t + At, using supplementary variable
technique and taking tlim after simplification, we obtain the following set of difference-
—00

differential equations.

d .
— —m,0(v) = pur1,1(v) + @ ZP]”J'.O(U),

dv ot
k
d
=Tk 0(W) = = (9 + D) +a () Y gimii 0(0)
i=1
S .
+og ) pFriow), 1<k<h—1,
Jj=k
d h
— T 0(V) = = (9 + M7Teo) +aw) Y gimii 0(0)

i=1

oo
+9q Y p/ o), k=0,
j=k

d
- %771,1(”) = —umy,1(v) +nmryo() + pma 1 (v),

d
_E”k,l(v) = — w1 (v) + umger,1(v)

k—1
+a@) ) gimi—i1(0) +nmro(v), 2 <k <h,

i=1

d
_Eﬁk,l(v) = — ump,1 (V) + urg+1,1(v)

h
+a@) Y gimi—i1(0) + nmro(v), k= h+ 1.

i=1
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To obtain the steady-state probabilities 7y ;, k > i, i = 0, 1, we introduce the following
Laplace-Stieltjes transforms (LSTs).

(o)
() = / e U i(ydv, k>i,i=0,1,
0
e —Sv d * : ;
e ' —mi(w)dv =sm;(s) —m i (0), n>i,i=0,1,
0 dU ’ '
o0
mi =7 ;(0) = / ki (v)dv, k>1i,i=0,1.
’ 0

Multiplying (1) to (4) by e~?¥ and integrating with respect to v from 0 to oo, we have

(@ — )G o(s) = umi 1 (9) + 9 Y plato(s) = m0.0(0), )
j=0

(@ +n— )7 () = A*(5) Y gimk—i,0(0)
i=1

- ®)
+o > qp’Fato(s) —mio(0), 1 <k <h—1,
(@ +1— 97 o(s) =A%) Y gimi—i,0(0)
= ©)
+o Y apFat o) = mo(0), k = h,
j=k
(1 — )7} 1 (5) = urd 1 () + i o (s) — 71,1 (0) (10)

(n— s)n]f’l(s) = M”IjJrl,l(s) + 77771?0(5)

k—1 (11)
+A*() Y gimi—i1(0) — w1 (0), 2 <k <h,

i=1
(1= )T 1 (8) = Wty 1 (5) + mf o (s)

i (12)
+A*() Y gimi—i1(0) — w1 (0), k= h+ 1.

i=1

Adding Eqgs. (7) to (12) for all values of n, and simplifying gives

ano(stnkl()—L(” ano(0)+2nk1(0>} (13)

k=0 k=1

o0 o0

Applying the normalization condition Y 7x0 + Y 7x.1 = 1 in (13) and taking limit as
k=0 k=1

s — 0, we obtain the relation

Dm0 + ) w1 (0) = A (14)
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The left-hand side of (14) refers to the average number of system entries per unit of time and
is equal to the average arrival rate A.

4 System-Length Distribution
We define the shift operator E for the sequences {rrk,g ©0) k> E} and [JTZ(,Z (s) k> K]

(€ = 0,1) by Exj,(s) = 7’ ,(s) and Em ¢(0) = mi41,0(0), € = 0, 1. Applying
the shift operator to Eq. (8) and simplifying, we get

o) h
(s —n—¢+9q) prf) 7o () = (E"‘ —AYS) Y giE"H'> Ti-n.0(0), k = h.

£=0 i=1
15)
Setting s =1+ ¢ — g Y ooy pLE* in (15), we have
Eh A* (p q h—i
—At e E Zg,E Te0(0) =0, k > 0. (16)
The characteristic equation representing to (16) is
h
2 — A* <n+ 1_‘;Z>Zg,»zh—l =0, since |pz| < 1. 17)
i=1
Theorem 1 The characteristic equation 7" — A* (n 4+ £-24=2) p(l Z) 8z~ = 0 has pre-
i= l
cisely h roots inside the unit circle.
Proof Let the functions g(z) = z™* and k(z) = n+ = (1 Z) giz"~! be analytic
i= ] y

in the circle |z] < 1. Consider H(z) = A* (n + ¢ p(l Z)) For a sufficiently small € > 0,

H (z) is holomorphic on and inside the closed disk |z| = 1 + €. There exists a power series
Z;?io hi(z — 1)¢ which converges to H (z) for complex analytic function in conformity with
Taylor’s theorem, where the coefficients iy = £ ifl). Applying the Taylor series expansion
for H(z), on the simple closed curve |z| = 1 — §, where § > 0 and is sufficiently small, we

have

lg@) =1 =8 =1-hs+005),

h
Zgizh_i

i=1

H'(1)
1‘

h h
SH(ZDY gl = HA=8)) g —8)""

i=1 i=1

[e9) H(Z)l h
2 z!()(l }Z [1— k8 + 0(8)]

lk(z)| = [H(2)]

= {H(l)

=1—h8+(g—l;—5>8+0(5)5 18]

So, from Rouché’s theorem, one can state that g(z) and g(z) + k(z) have precisely h zeros
inside the unit disk. O
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Considering the roots of (17) have A distinct roots inside the unit circle of the complex
plane and denoted by w;, wy, ..., wi. Thus, the general solution of (16) leads to the form

h
T0(0) = Y cjol, k>0, (18)
s

wherecj, j =1,2,..., hare arbitrary constants which are to be found. Putting (18) in (15),
we have

[} h
(s —n—¢+eq ZpZEZ> o) = (Eh A* (s)ZglEh ’) ch k=h k> h.
=0 i=1 j=l1
19
Equation (19) is a non-homogeneous difference equation. The corresponding homogeneous
§ — N — k . . .
partof (19)is n,f’(é'om) () = C (M) ,where C1 is an arbitrary constant. The particular

P(s—n—¢)
solution of (19) is

w’;*h, k> h, (20)

K Ao hei
*(par)(s) ZC' w; — A*(s) 2iLy 8iw; '
| os-n—e+ L

1-pz

and thus, the general solution is of the form

—p— ko I o — A* ()Y g
JT;:’O(S) =C; (7;“_” ep ) + ZC]‘ { J =15 ]a)];-h, k> h,
1

_ o vq
n=¢) iz S A e

(21)
The undetermined constant C; = 0, as s — 0 and Y 72, 7} o(s) = Y220 < 1,

otherwise Z,fozh mk,0 will diverge. Therefore, (21) reduces to

I R * h h—i
ol — A% ) Y, gio!

o)=Y ¢j - LI N 22
ot Z{ s A @

Now, we try to find the solution under which nk (s) has the same type as given in (22) for
1 < k < h — 1. For this, putting (18) into (8) and (9), and equating the first term of the
right hand side of the Eqgs. (8) and (9), we observe that ¢; the unknown constants meet the
relationship

k h h h
AN Y g Y e = AN Y gi ) e

i=1 j=l1 i=1 j=1

h h
=A%) Y cj Y gl =0, 1<k<h-—1
j=1  i=k+1

(23)

Substituting k = h — 1, h — 2, ..., 1, recursively in (23), and remarking that gn 7# 0, we
obtain the following set of 2 — 1 equations.

h h h
Ci C Cij Ci
A o= J J
pRETD SURS SR R @
=1 =@ j=1%j j=1%j
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If the above results hold true, for any k > 1,

h k * h k—i
o — AM(S) Y 8w
”;,O(S):ch{ J 0 q J . (25)
j=1 S R
We again apply the displacement operator E in (12), which yields
h .
(s —p+ pE) i (s) = (E"l — A*(5) ZgiEh—’> M- (0) — (), k> A4 1.
i=1
(26)
Setting s = n — wE in (26) and putting (25) into (26) gives
h .
[Eﬁ — A* (u — pE) ZgiEﬁ'} 7,1 (0) = g o(n — KE)
= @7

* B h—i
_A(M_.UE)Zi]gt I DR
w—pE—n—9¢+;

h
= anj{
j=1

pw/
Employing Rouché’s theorem as used earlier, the following Theorem 2 expresses that under

specific conditions, the characteristic equation of the above difference equation also has
exactly h roots inside the unit disk, let us denote % roots by ¥, V2, ..., Y.

Theorem 2 The characteristic equanon 2 — A (- pz) Z?:l gizh_i = 0 has precisely
h roots inside the unit circle, lf < 1.

By similar procedure to find n,:‘,o(s), the general solution of (27) is given by

k
cjo';
7,1(0) = dw +1n / ,kzl, (28)
Z Z oy T ET
where dy, d>, ..., dy in the first part of right hand side (28) are the arbitrary constants

affiliated with the solution of homogeneous Eq. (27). Furthermore, the second part of (27)
is a particular solution. Putting (25) and (28) into the right hand side (26), we get

i=1

h h
(s—u+umn@@)=<Eh—Awn§:&E“> §j@¢ﬁh
j=I

fduﬂ—wﬂ—n—¢+li%
j — i
= s = ¢-+ o
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h h
=) 4 (wf —A*Gs) Zg,-wf")
j=1

i=1

h { Cl)k —A*(S) Zlh ]gl k*i }

(l—wj)—ﬂ—<ﬂ+

ij

i { k—A*(s>Z?1gi I

},k2h+1. (29)
s—n—¢+

1- pwj

The general solution of the associated homogeneous equation of (29) has the form
k
n: (1;' om sy = Cp (1 — ﬁ ) , where C» is an arbitrary constant. For more details about

difference equations, one may refer Eladyi (2005). The particular solution of (29) after sim-
plification is

h .
— A%(s) z]g,-vfjf")

s — [+ uy;

k
n ¢ (ij
=3

= (30)

h .
nej <w’,‘ — A*(s) 21 giw’;_’)
1=
¢ p(l-wj)
- ) e =) (s =0 - )
*(hom)(s)

Thus, for k > h 4+ 1, the general solution of (29) may be rewritten as n,j‘ 1(8) = Ty 1

+ rr*(par) (s). Adding over all k from A to co and assuming the limit as k — O,

Zk:h mf(0) = Y re k1 < 1clearly holds. Thus, C> = 0. Thus, the solution of (29) has
the following form

(0

h .
podj (wf —AT X wi;")

S —p+pg;

k _ 31)
nej | @f — A*(s) 3 giw;
i=1

Yo ) (s -0 - )

Now, we obtain the condition under which the expression for rr,f’ 1 (s) given in (11) also true
when 2 < k < h. Putting Egs. (25) and (29) into Egs. (11) and (12), respectively. Comparing
the third term of the right hand side of Egs. (11) and (12), we get

k>h+1.

j=1

(=

h h

h
Znglwk’+Z( (ﬁpn)cj Zg,k’_o 2<k<h.

j=1  i=k —po; (I —wj) = n iz

(32)
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Substituting k = h, h — 1, ..., 2 in (32) and letting that g, # 0. Now, (32) may be written
in linear equation with variablesd; andc; 1 < j < has

h h "
Z d] + J - 0
j=l1 j=1 |:<M o ,,,u )(1 —wj)— n]
% Gy i~ =0
=1 = [(uf 0 p )(1 ) n]
1—p ] J
.................................... (33)
d; h nej
> yh3 + M s =0
j=1"Yi j=1 (uqf’pw/)(lfw,)fn ;T
n 4 13 ne;
thfz"‘Z' s =0
j=1Yi j=1 (#—1 )(1—w_,~) n|)]
Therefore, for k > 2 has the following expression
hod; (1 - A*(s)G(w;I)) Yt
T (s) =
’ o s —p+pp
(34

nej (1= 4©)G@; ) o i
k=
L) (=) =) (s == 552)

E e

j=1
Setting s = w in (10), we have
711(0) — pryy () — nip(m) =0 35)
Using (28) and (34) in (35) reduces to

h h ~1

nc-a)-G(ar )
> diy G+ - =0. (36)
j=l1 j=1 (M -

) (=) =1

Using (14), we have after simplification

cj [(u—ﬂ)(l—wj)_90+l pw;]

>y
L= (( )(l—a)])—77>(1—a)j)

=A. 37

4.1 Pre-arrival and Arbitrary Epoch Probabilities

Let {n,: j}, k > j, j =0, 1 denote the pre-arrival epoch probability, that is, an arrival sees k
customers in the system and the server is in state j at arrival epoch. Applying Bayes’ theorem,
we have

PIN(@) =k, I(t)=1i,V()=0]

.. = lim , j=0,1.
RARNES PV (1) =0]
Further, using (14) in the above expression, we obtain
_ 1 .
T = Xyrk,j(O), n>j,j=0,1. (38)
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We obtain pre-arrival epoch probability from the Egs. (18), and (28) as

h
P2 ol k=0, for i =0
j=1
Thi = h h ok (39)
AR DY L ,k>1 fori=1.
j=1 j=1 (M—lf,,f,j)(l—wj)—n

We obtain the probabilities at arbitrary epoch, 7 j, k > j, j = 0, 1 from the corresponding
expressions of 71':’ j(O). Setting s = 0 in Egs. (25) and (34), we obtain the arbitrary epoch
probabilities as
hec;(Gh-1)ok )
W, k > 1, for i =0
d (G(w;‘)—l)@z]f. ne; (G(w;l)—l)w/j‘.

h
— Z
n—py . ¢ p(l—w;)
! =1 ((“_lfl"p“j)(l_wj)_")(" 11*17“’1', )

1

.
I

(40)
L k>1 fori=1

Tk,i =

M=

.
Il
_

Applying the normalizing condition, we obtain

oy (vew he - —1) ¢jo;
7,0 =1 —; w(l—y;)? _; a —a),-)(anrj“m)
L6007~ 1) - 1+ 22522) G001 -]

“((“_ lfplz)j) (=)= ")

x G(wj_l)—l-i—

(41)

5 Performance Indices

The probability that the server is in a vacation P{I = 0} and the probability that the server
is in a busy mode P{I = 1} are respectively,

o n di; (v,6wHE =y —1)
P{I =0} = ko =1—
];0 k.0 Z n(l —1///')2

j=1
n nejo; [(1G@;h = 1) = (n1+ S22 ) Gy - w))]
o n—w)) <<M - 11”,,‘;/.) (1—w)) — n) (n + “’1‘7_#,;,;”//))
o ndppy (w6 e - —1)
P{I=1}= ];m(,l = Z u(lj— e

j=1

n nejo; [(1G@;h = 1) = (n+ S22 ) Gy 1 - w))]

l—wj
oo —w) ((/«c - 11%/.) (1—w)) — n) (n + %)
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The mean system length (L) is

nodigy [GWT W] =30 43y 1] o ¢jo;
L=J,§ =y 2 1_w)2(;;+1*”f’£‘,;‘jf’)
1] (1G@;h = 1) = (n+ U22) GorH(d - 0]

w((n-145) =0 -n)

x (G(w]fl) - 1) +

The mean queue length (L) is

hodiy? (Gt -1
Lq:z j ;Sl—‘;jp )
j=1
s ol (e
e cr =

The mean abandonment rate (AR) is

o0 0 h
AR=0¢Y > qp'*m Z

k=0 t=k

o)
Cm D)

civq(Geih-1)
(1 —w)) [n(1 = pwj) + op(1 —wp]

The average sojourn time in the system (W) and in the queue (W) using Little’s formula

is given by W = and W, = L , respectively.

6 Particular Cases

In this section, we find some particular cases from our model by assuming set of values for
the parameters £, g;, ¢, 1.

6.1 GI/M/1 + M Queue with Geometric Abandonment and Multiple Vacations

Taking h = 1,g; = 1l and g; = 0, j > 2, the model reduces to GI/M/1 + M queue with
geometric abandonment and multiple vacations. In this case, the characteristic equations are

1_
z—A*(n—}-%p;))zo and 7z — A" (u —uz) =0,

respectively, and both have only one root inside the unit disk, say w; and 1. Solving (36)
and (37), we can find the associated arbitrary constants ¢ and d; as

A=y [(1 = 152 ) A = o) — 1]
=y (1 =0 = 155-) = non

—C1Nwi

i (i - 42) (= o0 -

c| =

dy =
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Thus, from (39), we have pre-arrival epoch probabilities as

1
- _ k
o= Xclwl, k>0,

1 cinek
o = [t + Sl k=1
(n— 785 ) 1 —on -1
We obtain the arbitrary epoch probabilities from (40) and (41) as
ci(1 — o)) !
mo= SOV )
n + l—pa)|
cinoi (I—opef ™ 972
T[k,l = QP - 5 k Z 25
(h= el ) —on—nl 1+ 5a  H
din
7T]’] = 7{”}
12 (77 + 1_[,0)1)

6.2 M/M/1 + M Queue with Geometric Abandonment and Multiple Vacations

Assuming h = 1,g1 = 1, gj = 0, j > 2, and exponential inter-arrival time, the model
reduces to M/M/1 + M queue with geometric abandonment and multiple vacations. So,
A*(s) = %ﬂ Therefore, the single root inside the unit disk, say w; and | are

_Atiptntep—VO+iptutep? —4rpGtnte)

@1 2

A
nd Wl = —,

w
respectively. The w; matches with the results of Dimou et al. (2011). From (39)—(41), we get
7'(];0 = mk,0, kK >0, JT];1 =m1, k> 1.

We may also obtain the above from subsection 6.1 directly.

6.3 G/M/1 Queue with Multiple Vacations

Taking ¢ = 0, the model reduces to GI*/M/1 queue with multiple vacations but not geometric
abandonment. In this case, (17) reduces to

h
F—arm Y =0
i=1

Thus, w;, j = 1,2, ..., h are the roots of the above characteristic equation. But the roots
Y¥j,j =1,2,..., hremains same. The unknowns c; and d;, j = 1,2, ..., ki can be found
using (24) and the below h 4 1 equations.

@ Springer



20 Page 16 of 27 Methodology and Computing in Applied Probability (2024) 26:20

h d: h
> ’1+Z =0, 6=1.2.. h—1,

1:1 vt o M(l—w,)—n] o)
ncja)jG(w )
d iG

h

div; o~ cie—n)
Zli¢j+§ L =i

From (39)—(41), we get pre-arrival and arbitrary epoch probabilities.

6.4 GI/M/1 Queue with Multiple Vacations

Taking ¢ = 0,h =1, =1,g; =0, j > 2, the model reduces to GI/M/1 queue with
multiple vacations. Here the single roots inside the unit disk are w; and ;.

_ (=)= pll — o))
b

- 9 k_07
k0 7 - — ) -
- =9 ko k
= gy (o) k2

We obtain the arbitrary epoch probabilities from (40) and (41) as

k—1
o = A1 =9 — o) — pu(l — w))w; k1,

n(n — u( —y1))
Al =)

[t S AT k=1 _ _ k—1
= (i =gy (T s —oel ™) k21

The results analytically matches with Tian et al. (1989).

6.5 GI*/M/1 Queue without Vacation and Abandonment

Taking n — o0, ¢ = 0, the model reduces to GIX/M/1 queue without vacation and aban-
donment. To find expressions among pre-arrival and arbitrary epoch probabilities specified
in Barbhuiya and Gupta (2019), let us assume y; = 1 and y; = O fori > 2. Then, we obtain
the pre-arrival and arbitrary epoch probabilities as

h
_ A
= > diyk, k=1,
j=1

h hoo k=i ok
nk1=2dj[2i=lgle wj} k>1, and
o p(l —v;)

hodiy; (Gyih -1

Jj=1

@ Springer



Methodology and Computing in Applied Probability (2024) 26:20 Page 170f27 20

6.6 GI/M/1 Queue without Vacation and Abandonment

Taking g1 =1,g; =0, j > 2,7 — 00, ¢ = 0, the model reduces to GI/M/1 queue without
batch arrival, vacation and abandonment. Here, the single root inside the unit disk is v and
the corresponding constant d; = A(1 —1). Accordingly, the pre-arrival and arbitrary epoch
probabilities matches exactly with the results available in the literature (Stewart 2009, 548).

7 Numerical Results

In this section, we present the numerical results obtained from analytical calculations per-
formed to evaluate the proposed continuous-time GI*/M/1 + M queue with multiple vacations
and geometric abandonment. This section outlines the numerical computation setup, present
the key performance metrics, discuss the interpretation of the results, and provide insights
into the practical implications of the findings. We used the following algorithm to compute
the steady state probability distributions using the linear difference techniques and generating
function method.

Heavy-tailed distributions play a significant role in Internet communication and financial
applications. Internet traffic statistics have suggested that many relevant quantities like, file
sizes, packet lengths, interarrival times, connection times, etc., should be modeled with
heavy-tailed distributions. A difficulty in analyzing queues with heavy-tailed distributions
is that many of them do not have a closed-form, analytic Laplace transforms. This makes
analytical methods more complex and intractable. There are several approximation methods
such as transform approximation method (TAM), Padé-Laplace approximation (PLA), etc.,
to resolve this problems.

We consider four probability distributions like Phase-type, Matrix exponential, inverse
Gaussian and Weibull distribution as the customer inter-batch arrival distribution. The com-
putation of the characteristic roots and associated unknown coefficients are tabulated for
each of these four distributions. Also, we present the steady-state queue-length distribution
at prearrival and arbitrary epochs. All the computations are performed on a PC having Intel
core i7 8th Gen CPU @ 1.8 GHz, 8 GB RAM using Maple software. All the numerical values
were run with corrected up to 30 decimal places, but are presented up to six decimal places
to reduce space.

Phase-Type (PH) Arrival

A PH distribution is the distribution of the time to absorption for an absorbing finite state
Markov chain in continuous time. One important property of PH distributions is that they can
be used to approximate any kind of distribution. For our numerical experiment, we consider
a continuous PH distribution with representation PH(e, T'), where « := [0.5,0.2,0.3], T

-7 1 2
=| 1 =2 0 |.Themean arrival rateis A = 2.5 and the mean service rate is & = 25. The
1 3 —10

45245354120
(5+10.39)(s+6.94) (s 1.66) °

distribution is G(z) = 0.3z + 0.15z% + 0.22° + 0.1z° + 0.15z% + 0.1z'° with a maximum
batch size of 10. Other queueing parameters are set to p = 0.7, ¢ = 0.1,n = 0.3. The
characteristic roots are presented in Table 1. The steady-state probabilities of system-length

LST of the inter batch arrival times is A*(s) = and the batch size
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Algorithm 1 Computation of the steady-state probabilities
Step 1: Find the inside roots of the unit circle of the two characteristic equations

h h
09 )3 g =0 amd <47 3 =0
i=1

i=1

- ar <r7 to—
Let these roots are ;j and Wj, Jj=1,2,..., h,respectively.
Step 2: Using these roots, solve the following system of 2/ linear equations to compute the unknowns c; and
di,j=1,2,...,h '

] b ’ ’ ’

hog h ne
hoe 0=Y L+ !
J= J
¢ € :Xh: dj +Xh: -
— h—-3 _
L T ] (e T T
h h
h d; ne
G _ 0= 55+ ’ -
Lo S [ ) 0ol

h h nc]-a)jG(afl)
div;iGW; )+ !
,;J J J Z(M* o p )(lfwj)fn

Jj=1 1-pw;j

=0 and

Gy cifmmmi-ep—g+ L] )
jg L=, +j:] ((M— lfpl;j)(l—wj)—n) (1 —-wj) *

Step 3: Putting the values of ¢; and d;j in (39)—(41), we get the prearrival epoch probabilities 7; ), ;| and
the arbitrary epoch probabilities 7y o, 74,1 of the number of customers in the system.

at prearrival and arbitrary epochs are given in Table 2. The average system-lengths at prearrival
and arbitrary epochs are given in the last row.

Matrix Exponential (ME) Arrival

The ME distribution with representation (e, T, s) is given by P(X <x) =1+ ael*T s,

with density f(x) = ae’*s. It is a generalization of the PH distribution. ME distributions

have rational Laplace-Stieltjes transforms. Any distribution with a rational Laplace transform

is identical to the ME distribution. We consider an ME distribution (e, T, s) where ¢ := [1,
0 —472 — 147241

0,01, T = (3 2 —6 and s = [0, 1, 1] with ¢r denoting the transpose in
2 2 -5

matrix. For this system, the mean rates of arrival and service are A = 0.952917 and u = 10

@ Springer



Methodology and Computing in Applied Probability (2024) 26:20

20 Page 20 of27

978808'¢8 = 7 8108L8'16 = T 7066089°6¢ = T 6£06¥890° 1Y = 7

€68LYS0 LOTTSY0 ¥617895°0 667110 wng SELSEYO 9SELYI'0 YSLIYY'0 91¢8SS°0 wng
000000°0 000000°0 000000°0 000000°0 918 000000°0 000000°0 0000000 000000°0 (484
00000°0 100000°0 00000°0 100000°0 00L L00000°0 8000000 8000000 8000000 00¢
0200000 110000°0 7200000 €10000°0 00§ 920000°0 9200000 LT0000°0 L20000°0 0S¢
S12000°0 +¥21000°0 8€2000°0 LET000°0 00¢€ 8800000 680000°0 1600000 260000°0 00¢
CIL000°0 01+000°0 98L000°0 £57000°0 00¢ 10€000°0 0£000°0 C1€000°0 S1€000°0 0S1
§TET00°0 LSET100°0 8652000 00S100°0 001 1€0100°0 1¥0100°0 6901000 6L0100°0 001
688€00°0 89¥200°0 ¥¥71+00°0 8CLT00°0 0S 926000 996€00°0 §S9€00°0 869¢00°0 0s
L9LE000 ¥L1500°0 8L6C00°0 £7LS00°0 01 €09L00°0 9¥LT10°0 ¥8¥7L00°0 Teerno 01
8L9¢00°0 ¥92€00°0 L18200°0 §86€00°0 6 6CSL000 ¥9LL0O0'0 LY€LO00 0€0800°0 6
€86€00°0 LSTS000 €€9200°0 £€8500°0 8 ¥vL00°0 SLIETO0 YLILOOO 989¢10°0 8
8+€00°0 £r€€00°0 8S¥200°0 TL9€00°0 L 86CL00°0 ¥11800°0 6¥76900°0 16€£800°0 L
LLEEOO0 S9¥¥00°0 €LTT00°0 0t600°0 9 171L00°0 €0€110°0 £0L900°0 LTLIT10°0 9
962€00°0 10$700°0 €50200°0 8L6%700°0 S 606900°0 L99110°0 §S€900°0 €01C10°0 S
921€00°0 1€€100°0 998100°0 80%7100°0 ¥ 665900°0 261€00°0 8665000 082€00°0 14
C10€00°0 8€1200°0 SILT00'0 ¥€€200°0 € 7€€900°0 ¥¥2S00°0 9795000 01+S00°0 €
106200°0 8L¥¥00°0 ¢SS100°0 9L6%00°0 C L80900°0 6SS110°0 20€500°0 1102100 4
9LLT000 S0LS00°0 17€100°0 L¥€900°0 I 08LS00°0 €50S10°0 LL8Y00°0 1696100 I
- 716180°0 - Y0200 0 - LOLS9T'0 - L8L8S00 0

Uy 0'Uy 1y, 0y, u Tuy 0ty 1ty 0ty u

0F = 7°¢ = Y M N + T/IN/ yAM

SC="7°¢T =YY N + I/IN/ yHd

1'0=018c10=88‘10=98 ‘o= 58
Sro=Wgo=1801 =y‘gco=:U70= ‘L0 = d swpuered [im S[EALLE [[NQIOA\ Pue HJ J0J syoode Areniqie pue [earuead je sanifiqeqoid oyeis-Apeals g ajqel

pringer

as



Methodology and Computing in Applied Probability (2024) 26:20 Page210f27 20

47241
(s+1)(4mw2+1+425+s52)°
the PGF of the batch size is G(z) = 0.3z 4+ 0.15z% 4 0.2z°> 4+ 0.1z + 0.15z% 4+ 0.1z1°
with a maximum batch size of 10. We tabulate the characteristic roots in Table 3 and the

system-length probabilities in Table 4.

respectively. The LST of the inter batch arrival times is A*(s) = and

Inverse-Gaussian (IG) Arrival

The inverse Gaussian distribution is a two-parameter family of continuous probability dis-
tributions with infinite support. It is a right-skewed distribution bounded at zero and is a

well-known competitor of the Weibull, gamma and lognormal distributions in modeling
_at—p)?
asymmetric data. Its pdfis f(x; o, B) = /2:x3 e 26°x forx > 0,where 8 > 0isthe mean

and o > 0 is the shape parameter. In our numerical experiment, we consider the parameters
_a=p?
a =0.5625, = 0.75. The pdfisa(r) = /3%5 e 2 withLST A*(s) = 0=V 1+25)
and batch size distribution G(z) = 0.3z + O.lSz +0.22° +0.12° + 0.15z8 +0.1z1°. Since
A*(s) is a transcendental function, computation of the roots of the associated characteristic
equations is intractable using Maple program To resolve this, we approximate A*(s) by
means of Padé rational approximation, (s§ where P (s) and Q(s) are polynomials of degree
m and n respectively. Using the Padé rational approximation of degree (4, 5) to approximate

A*(s)

108344 32654 2 43552 3 _ 8517 4
P(s) 1+ 29509 3 s+ 7971 5 + 341733 130727°

= 28099 18308 2 | 66589 3 | 23027 4 , 4149 5
Q) 1+ Gsss+ 73 s° + 150815~ T 355005 t 1275059

Applying Algorithm 1, we compute the characteristic roots, and the steady-state system-
length probabilities. The values are presented in Tables 3 and 4.

A*(s) =

Weibull (Wb) Arrival

Weibull distribution plays significant role in modeling insurance problems, where claim sizes
can take on extremely large values. It is a two parameter family of continuous distributions

B\B
a > 0 is the shape parameter and 8 > 0 is the scale parameter of the distribution. In our

numerical experiments, we consider the distribution parameters as « = 0.5, 8 = 0.1 with

—1 [ o
pdf a(r) = & (g)“ ¢~ (5)"The LST of the Weibull distribution does not exist, Using

100
the moments of all possible orders, we construct the LST A*(s) = Z( 1)im;s'. Then, we

a—1 o
with infinite support. The Weibull pdf is f(x) = ¢ (i) e @/B® for x > 0, where

approximate A*(s) by means of Padé rational approximation, Q( Where P(s) and Q(s)
are polynomials of degree m and n respectively. Using the Padé rational approximation of
degree (4, 5) to approximate A*(s)

1+ 8.8s +23.525% + 21.1253 + 4.632s5*
1+ 9s +25.252 4+ 25.253 + 7.565% + 0.355
G(z) =03z +0.1522 +0.22° + 0.12° + 0.15z8 + 0.1z'° Using this approximated LST in

Algorithm 1, we compute the roots, unknown constants, and the steady-state queue-length
probabilities. The values are presented in Tables 1 and 2.

A*(s) =
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In the next set of experiments, we present a comparative study of the different batch
arrival distributions. We conducted a sensitivity analysis to assess the model’s behavior
under varying parameters. The effect of several system parameters on the mean system
length at pre-arrival (L ™) and arbitrary arrival (L) epochs is presented for queues with inter-
batch arrival distributions being Deterministic, Phase-type, Matrix exponential, Weibull and
inverse Gaussian. We set the shape and scale parameters of these five distributions in such a
way to get the same inter-batch arrival mean, but different variances. The following system
parameters are fixed for all the experiment: A = 2.5, u = 20.0,¢ = 0.1, =0.3, p = 0.7,
g = 0.3,h = 10, and batch size distribution G(z) = 0.3z + 0.15z2 + 0.2z°> + 0.1z°
+0.15z% + 0.1z'°. The mean system length is always monotonic decreasing in service rate
(Fig. 3), abandonment rate (Fig. 4), vacation rate (Fig. 5) and probability of abandonment
(Fig. 6).

Fig.4 Effect of ¢ on the Mean
system length at prearrival and
arbitary epochs for different
arrival processes with 1 = 2.5,
n=200,p=0.7n=03

Mean system length
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Fig.5 Effect of n on the Mean
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8 Conclusion

In this study, we delved into the dynamics of renewal input batch arrival queueing systems
with multiple vacations and geometric abandonment, uncovering its practical applications
in a spectrum of real-time scenarios such as customer service counters, call centers, pub-
lic transportation, online customer support, hospital emergency rooms, internet servers,
telecommunications systems, and retail checkout lines. The model’s analysis emerges as
both straightforward and explicit, readily lending itself to numerical tractability. Leveraging
the potency of the supplementary variable and difference operator methods, we successfully
derived closed-form expressions for system-length distributions at pre-arrival and arbitrary
epochs. Our exploration unearthed several intriguing special cases within the model’s realm.
The inclusion of illustrative numerical examples, showcasing the model’s behavior under
different inter-arrival time distributions, underscored our study’s viability and robustness.
This empirical dimension added depth to our theoretical findings, affirming their relevance
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in practical contexts. As we traverse the contours of future research, an exciting avenue beck-
ons - the extension of our work to encompass batch arrival and bulk services within queueing
models featuring vacations and abandonment. The insights gleaned from this study serve as a
solid foundation to build, promising a richer understanding of intricate queueing phenomena
and their implications for real-world operational dynamics.
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