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LINEAR RETRIAL INVENTORY SYSTEM WITH SECOND
OPTIONAL SERVICE UNDER MIXED PRIORITY SERVICE

K. JEGANATHAN?, §

ABSTRACT. The present paper deals with a generalization of the homogeneous single
server finite source retrial inventory system with two classes of customers - one with high
priority customer and the other with low priority customer. The inventory is replenished
according to an (s, Q) policy and the replenishing times are assumed to be exponentially
distributed. The server provides two types of services - one with essential service and
the other with a second optional service. The service times of the 1st (essential) and
2nd (optional) services are independent and exponentially distributed. The high priority
customers have a mixed priority over the low priority customers. Retrial is introduced
for low priority customers only. The joint probability distribution of the number of
customers in the waiting hall, the number of customers in the orbit and the inventory
level is obtained for the steady state case. Some important system performance measures
in the steady state are derived and the long-run total expected cost rate is also derived.

Keywords: Markov process, continuous review, inventory with service time, priority
customers, essential and optional service, finite populations.
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1. INTRODUCTION

Several researchers have studied the inventory systems in which demanded items are
instantaneously distributed from stock (if available) to the customers. During stock out
period, the demands of a customer are either not satisfied (lost sales case) or satisfied only
after getting the receipt of the ordered items (backlog case). In the backlog case, either all
demands (full backlog case) or only a limited number of demands (partial backlog case)
are satisfied during stock out period. To know the review of these works see Cakanyildirim
et al., [7], Durdn et al. [9], Elango and Arivarignan[10], Goyal and Giri [12], Kalpakam
and Arivarignan([16], [17]), Liu and Yang[20], Nahmias[21]|, Raafat[23] and Yadavalli et
al.[25] and the references therein.

However, in the case of inventories maintained at service facilities, after some service
is performed on the demanded items they are distributed to the customers. In such sit-
uations, the items are issued not on demanding rather it is done after a random time of
service. It causes the formation of queues in front of service centres. As a result there is a
need for study of both the inventory level and the queue length in the long run. Berman
and Kim [2] analyzed a queueing - inventory system with Poisson arrivals, exponential
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service times and zero lead times. The authors proved that the optimal policy is never
to order when the system is empty. Berman and Sapna [5] studied queueing - inventory
systems with Poisson arrivals, arbitrary distribution service times and zero lead times.

Berman and Sapna [6] discussed a finite capacity system with Poisson arrivals, exponen-
tial distributed lead times and service times. The existence of a stationary optimal service
policy has been proved. Berman and Kim [3] addressed an infinite capacity queueing
- inventory system with Poisson arrivals, exponential distributed lead times and service
times. The authors identified a replenishment policy which maximized the system profit.
Berman and Kim [4] studied internet based supply chains with Poisson arrivals, exponen-
tial service times, the Erlang lead times and found that the optimal ordering policy has a
monotonic threshold structure.

In all the above models, the authors assumed that after completion of the service
(namely, regular service or main service or essential service), immediately the customers
leave the system. But in many real life situation, all the arriving customers first require
an essential service and some of them may require the secondary service provided by the
same server. In queueing systems the latter type of service referred to as second optional
service. The concept of the second optional service with queue has been studied by several
researchers in the past. As a related work we refer [14, 15].

An important issue in the queueing-inventory system with two types of customers is the
priority assignment problem. For example, in assembly manufacturing system customers
with long-term supply contracts have been given high priority than the other ordinary
customers. In multi-specialty hospitals patients with serious illness are given high priority
than the other patients opting for routine check or else. These real life problems stimulate
us to study the queueing-inventory systems with two types of customers.

Ning Zhao and Zhaotong Lian [22] analyzed a queueing-inventory system with two
classes of customers. The authors have assumed the arrival of the two-types of customers
form independent Poisson processes and exponential service times. It may be noted that
recently Jeganathan et al. [13] studied a retrial inventory system with non-preemptive
priority service. The authors have assumed the arrival of the two-types of customers form
independent with Poisson arrival and exponential service times. Artalejo et al. [1] an-
alyzed queue with retrial customers looked to have preemptive priority over the waiting
room. In related bibliography [8, 11, 19], the high priority customers have either preemp-
tive or non-preemptive priority over the low priority customers.

In this paper, we introduce the mixed priority concept in the context of a queueing -
inventory models with repeated attempts, second optional service and a finite populations.
Our research work on finite source inventory system is motivated by the service facility
system with restricted customers for example military canteen providing service to sol-
diers or a company canteen serving the members of the specific working community in the
company. Machine service problems within an industry is also a problem which motivated
us to create the present stochastic model. The problem we consider is more relevant to
the real life situation. The joint probability distribution of the number of customers in
the waiting line, the number of customers in the orbit and the inventory level is obtained
for the steady state case. Various measures of system performance are computed in the
steady state case.

The rest of the paper is organized as follows. In the next section, the problem formu-
lation and the notations used in this paper are described. Analysis of the model and the
steady state solutions of the model are obtained in section 3. Some key system perfor-
mance measures are derived in section 4. In the section 5, we derive the total expected
cost rate in the steady state. The last section is meant for conclusion.
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2. MATHEMATICAL MODELLING

In this paper, we considered the stochastic model of inventory system with service
facility and the demands originated from a finite population of sources K = N + M,
0 < K < oo. Maximum inventory level is denoted by S and the inventory is replenished
according to (s, @) ordering policy. According to this policy, the reorder level is fixed as
s and an order is placed when the inventory level reaches the reorder level. The ordering
quantity is Q(= S—s > s+1) items. The condition S—s > s+1 ensures that no perpetual
shortage in the stock after replenishment. The lead time is assumed to be exponential
with parameter 5(> 0). The arrival of high priority customer and low priority customer
follow an independent Poisson processes with parameters A; and Ao respectively. The
customers (high/low) receive their service one by one and they demand single item. The
items are issued to the demanding customers only after some random time due to some
service (i.e.: 1lst service or essential service or regular service) on it. The service time of
the customer depends on the priority level of the customer. The waiting area is limited
to accommodate a maximum number N of high priority customers including the one at
service point. An arriving low priority customer finds the server is idle with the positive
inventory level he immediately taken for service by the server. The retrial is introduced for
low priority customers only. Whenever the server is busy (with high priority / low priority
customer) or the inventory level is zero, an arriving primary low priority customer enters
into an orbit of finite size M. The orbiting customers compete for service by sending out
signals that are exponentially distributed.There are two types of retrial policy considered
in the literature of queuing systems:

(1) The probability of a repeated attempt depends on the number of orbiting demands
(classical retrial policy).

(2) The probability of a repeated attempt is independent of the number of orbiting
demands (constant retrial policy).

In this article we consider both types of retrial policy (classical retrial policy and constant
retrial policy). More explicitly, the probability of a repeated attempt during the interval
(t,t+dt), given that j customers are in the orbit at time ¢, is §; = (1 — d;0) + jv, where
6 denotes the Kronecker delta. Note that the latter type of retrial policy is described as
linear retrial policy. In the special case v = 0 and v > 0 our model becomes a single
server inventory model with classical retrial policy and priority service. Alternatively,
when v = 0 and v > 0 our model becomes a single server inventory model with constant
retrial policy and priority service.

The ‘Mixed Priority’ (i.e., preemptive priority and non-preemptive priority) concept
plays an important role here. The high priority customers have a mixed priority over
the low priority customers. More precisely, if a high priority customer arrives during the
service of a low priority customer, then with probability r interrupts this service period
and force the server to start serving him, while the interrupted customer joins the orbit. It
may be called as preemptive priority service. After the completion of the essential service
of the high priority customer, he requires for second optional service with probability p
or he leaves the system with probability 1 — p. The additional optional service is offered
only for high priority customers. During the time of low priority customer’s service, with
probability 1 — 7, any arriving high priority customer decides to wait in the waiting hall
(i.e.: ordinary queue) and to get service after the completion of the low priority customer’s
service. This type of service may be called as non-preemptive priority service. The head of
the customer in the waiting hall is immediately taken to service after the present low/high
priority customer’s service, irrespective of the number of customers in the waiting hall.
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The service times of the high priority customer, low priority customer and the second
optional service are independent and assumed to follow an exponential distribution with
parameters p1, po and ps respectively. Any arriving high priority customer or low priority
customer, who finds his waiting line is full are considered to be lost. Various stochastic
processes involved in the system are independent of each other.

2.1. Notations:

e : a column vector of appropriate dimension containing all ones
0 : Zero matrix
[A],; entry at (4, 7)™ position of a matrix A
5o { 1 if j=i
v 0  otherwise
523‘ 1 — 6

keV?! © k=ii+1,...]

3. ANALYSIS

Let L(t), X1(t) and Xs(t) respectively, denote the inventory level, the number of high
priority customers in the waiting hall and the number of low priority customers in the
orbit at time ¢.

Further, server status Y (¢) be defined as follows:

ag, if the server is idle at time t

aq, if the server is providing essential service to a high priority customer at time t

ag, if the server is providing second optional service to a high priority customer at time t
asg, if the server is providing essential service to a low priority customer at time t

Y (#)

From the assumptions made on the input and output processes, it can be shown that the
stochastic process I(t) = {(L(t),Y(t), X1(t), X2(t)),t > 0} is a continuous time Markov
chain with state space given by £ = Fy U Es U B3 U E4 U E5. where

El . {(i17a0,07i4) | il:0,1,2,...,S,i420,1,2,...,M7}

By : {(0,a0,i3,i4) | i3 =1,2,...,N, ig=0,1,2,...,M,}

Es : {(i1,a1,i3,34) | i1=1,2,...,8, i3=1,2,...,N, ig =0,1,2,..., M,}
By : {(i1,00,ds,04) | i1 =0,1,2,...,8, is=1,2,...,N, iy =0,1,2,..., M,}
Es : {(i1,as,is,04) | i1 =1,2,...,8, i3=0,1,2,...,N, iy =0,1,2,...,M,}

Define the following ordered sets:

((il,ao,0,0),(il,ao,O, 1),...,(’i1,0¢0,0, M)), il = 0,1,. . .,S;
((il,ao,ig,O),(il,ao,ig,1),...,(i1,a0,i3,M)), il = 0; i3 = 1,. . .,N;
<i1,’i2,i3> = ((il,al,ig,O),(il,al,ig,1),...,(i1,a1,i3,M)), i1:1,2,...S;i3:1,...,N;
((il,ag,ig,O),(il,ag,ig,1),...,(i1,a2,i3,M)), il = 0,1,...,S;i3 = 1,2,...,N;
((il,ag,ig,O),(il,ag,ig,1),...,(i1,0¢3,i3,M)), il = 1,2,...S;i3 = 0,1,...,N;
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< 11,00,0 >, i1=0,1,...,5;
<’i1,0[0,1>,<i1,0[0,2>,...,<i1,0&0,N>, ’Ll:O,
L 11,12 > = <i,ap,l><i,a,2>...,<i,a, N> i1=1,2,...5;

<ip,a9,1 > <ij,a9,2>, ..., <iy,as, N> 11 =0,1,...,5;
<1i1,a3,0 >,<Z'1,Oz71 >, <dp, a3, N >, i1=12,...5;

<L i1, 0 >, ilzovla"ws;
L i, 00>, 11 =0;

K> = <Li,00 >, 11=12,...5;
<i, >, i1=0,1,...,5;
L, a3 >, 11=12,...5;

Then the state space can be ordered as (<€ 0>, <K 13>, ..., S >>).

By ordering the state space (<« 0>>, < 1>>,...,< S >>), the infinitesimal gener-
ator © can be conveniently written in a block partitioned matrix with entries

K> KI>» K2>» - KS-1>» 5S>
K 0> Aoo Ao,1 Ag2 Ao, s—1 Ao, s
XK 1> A1,0 A171 A172 Al,S—l AI,S
K 2> A0 Az Az Az 51 Az s
A=
KS—1>» | As_10 As-11 As-12 -+ As_15-1 As-1s
K S> Aso As Asa oo As,s-1 As,s

More explicitly,

Due to the assumptions made on the demand and replenishment processes, we note that
Aihjl =0, for j1 #1401 — 1,01+ Q.

We first consider the case A;, ;,+o. This will occur only when the inventory level is
replenished. First we consider the inventory level is zero, that is Ag g. For this

Case (i) : When there is no customer in both the waiting hall and server is idle,
at the time of replenishment the state of the system changes from (0, ap,0,144) to
(Q, 2, 0,144), with intensity of transition 8. The sub matrix of the transition rates
from < 0, ap > to K @, ag >, is given by

€% = Ey, js=0, i3 =0,
00 lizjs 0, otherwise,

where [Eoi, i, = BI(a41)

Case (ii): When there is a customer in the waiting hall and server is idle, at the
time of replenishment takes the system state from (0, v, i3,74) to (Q,aq,is,14),
i3=12,...,N,14 =0,1,2,..., M. The sub matrix of the transition rates from

< 0,00 3> to < Q, a1 3>, is given by C
[C(O)]- o Eo, js3 =13, i3=1,2,...,N,
01 JtsJ3 0, otherwise,

Case (iii): When the server is providing second optional service to a high pri-
ority customer, the replenishment takes the system state from (0, g,1i3,i4) to
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(Q,o,i3,14), i3 = 1,2,...,N, i4 = 0,1,2,..., M. The sub matrix of this transi-
tion rate < 0, ao,> to K Q, ag,>>, is given by
[C(O)]- ' Ey, j3 =13, iz € VN,
22 tajs 0, otherwise,

Hence,
0 . . .
Céo), Jo = ia, io = ap,
C(O), jo = Qi 19 = oy,
[AO,Q]izjz = %) .],2 . ! ,2 0
022 y J2 =12, 12 = (2,
0, otherwise,

We denote Ag g as Cyp.

We now consider the case when the inventory level lies between one to s. We note that
for this case, only the inventory level changes from i; to i1 + Q. The other system states
does not change. Hence A;, i, +¢q = BI(3n42)(m+1)- More clearly,

Céf;), J2 = 12, i2 = o,
Cﬁ’), Jo = i2, i2 = agq,

[Aiin+Qlise = § CY jo=1is, iy =0y,
C§§), Jo = 12, 9 = Qs,
0, otherwise,

where

Cé? = Bl p41)s CS’) = BIN(+1) CS) = BIN(M+1)> Cg(,?g’,) = BI(N+1)(M+1)s

We denote A;, ;,+¢ is denoted by C.

Next, we consider the case A4;, ;,—1,41 = 1,2,...,S. This will occur only when either
when the essential service completion of the high priority customer or the low priority
customer. For this, we have the following cases occur:

Case(i): When the inventory level is one and the server is providing essential service
to a high priority customer

e as soon as the essential service of a high priority customer is completed, then
with probability p the customer may opt to leave the system, in which case
both the inventory level and customer level in the waiting hall decrease by one

and the server becomes idle. The state of the system change from (1, vy, i3, 74)

to (0, 0,43 — 1,44), 33 =1,2,..., N, i4, = 0,1,2,..., M, with intensity of this
transition ppi, or with probability (1 — p) he may ask for second optional
service, in which case his optional service will immediately commence. The
state of the system change from (1, aq,3,14) to (0, e, i3,44), i3 = 1,2,..., N,

iy = 0,1,2,..., M, with intensity of this transition (1 — p)u;. Form this
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argument, we have

10 l3Js 0, otherwise,
[A(O)]‘ o Hy, js =13, iz € VY,
12 lisja 0, otherwise,

where,

H3 = ppilpriry, Ha= (1 —=p)palis)
Case (ii): When the inventory level is one and the server is providing essential
service to a low priority customer
e after the low priority customer served in the service station, the inventory
level decreases by one and immediately the server becomes idle with intensity
of transition is given by ps. The sub matrix of the transition rates from
(1, a3,13,14) to (0,0,13,14), i3 = 0,1,2,...,N, ig = 0,1,2,..., M is given
by,
C j3 =1 iz € ViV
R -
0, otherwise,

where,

Cs = p3l(pry1)-

We denote A; o as Ag.
Case (i): When the inventory level is more than one and the server is providing
essential service to a high priority customer
e if the number of customers in the waiting hall is one, at the time of service
completion of a high priority customer both the inventory level and the cus-
tomer level in the waiting hall decrease by one, and server becomes idle (i.e.:
if the customer may opt to leave the system without getting addition service)
with intensity of passage for this transition is given by pui. Suppose, the
serviced customer wants to require second optional service, in which case his
service will immediately commence with intensity of this transition (1 —p)u;.
If there are more than one customer in the waiting hall, then after a service
completion of a customer server remains busy (i.e.: if the customer may opt to
leave the system without getting addition service) servicing (essential service)
the high priority customer.
Using this argument, we have constructed the following matrices

(AW = Hs, js=iz—1, i3=1,
10 li3Js 0, otherwise,

A, = { B ds=is—1 g€V,
11 lizjs 0, otherwise,

A, = { B ds=is in eV,
12 lisja 0, otherwise,

Case (ii): When the inventory level is more than one and the server is providing
essential service to a low priority customer
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o if there is no customer in the waiting hall, then at the time of service com-

pletion of a low priority customer the inventory level decreases by one and
server becomes idle with intensity of transition is given by p3. The sub ma-
trix of the transition rates from (i1, a3, 0,44) to (i1 —1, g, 0,44), 41 = 2,..., S,
is=0,1,2,..., M is given by, B{}).

If there is a customer (high priority) in the waiting hall, then at the time of
service completion of a low priority customer the inventory level decreases by
one, in which case the customer (high priority) at the head of the waiting hall
is taken up for his first essential service. The system state from (i1, as, i3, i4)
to (2'1—1,041,2'3,@'4), 1 = 2,...,5, i3 = 1,2,...,]\7, 14 :O,1,2,...,Mis given
by, Bg). Using this argument, we have constructed the following matrices

_ {03, J3 =0, i3 =0,

QI
[A30 Jisjs 0, otherwise,

1 C3, js =13, iz e ViV,
s = [ G Bzt e

0, otherwise,

Hence the matrix A;, ;,—1(i1 = 2,3,...,5) is given by

(A0 o

%O)a J2 = Qp, 12 = (01,

1 . . .
A%l . J2=d2, d2=an,

) .
(A iy —1ini Al J2 = g, 2 = o,

11,11 —1]i272 i . .
A30 , J2 = O, 12 = (3,

n .
A31 ,  J2 = Oq, 12 = (3,

0, otherwise,

We will denote A;, ;,—1(i1 = 2,3,...,5), as A;.
Finally, we consider the case A4;, ;,,i1 = 0,1,...,5. Here due to each one of the following
mutually exclusive cases, a transition results:

an arrival of a high priority customer may occur

an arrival of a low priority customer may occur

a retrial customer (low priority customer) enter into the service station may occur
a second optional service of the high customer may be completed

When the inventory level is zero and server is idle, we have the following three state
changes may arise:

Case(i): e an arrival of a high priority customer increases the number of cus-

tomer waiting in the waiting hall increases by one and the state of the arrival
process moves from (0, a, i3,14) to (0, g, i3+ 1,44),i3 =0,1,..., N — 1;i4 =
0,1,..., M, with intensity of transition (K — (i3 + i4))A;. The sub matrix of
this transition rate is given by < 0, ap > to < 0,0 > is (K — (i3 + i4))\1
and is denoted by C'.

Case(ii): e an arrival of a primary low priority customer increases the number

of customer in the orbit increases by one and the state of the arrival process
moves from (0, ag, i3, 14) to (0, ag, i3,i4+1),i3 =0,1,...,N;igy =0,1,... , M —
1, with intensity of transition (K — (ig + i4))A2.

When the inventory level is zero and the server is providing second optional service to a
high priority customer, we have the following state changes may arise:
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Case(i): e anarrival of a high priority customer increases the number of customer
waiting in the waiting hall increases by one and the state of the arrival process
moves from (0, ag, i3,174) to (0, e, i3+1,44),i3 =1,...,N—1;i4 =0,1,..., M,
with intensity of transition (K — (i3 + i4))A1.

Case(ii): e an arrival of a primary low priority customer increases the number
of customer in the orbit increases by one and the state of the arrival process
moves from (0, ag, i3, 14) to (0, ag, i3,i4+1),i3 =0,1,...,N;igy =0,1,..., M —
1, with intensity of transition (K — (i + i4)) 2.

Case(iv): e the completion of second optional service for a high priority customer
makes a transition from (0, ag,i3,44) to (0, ag,i3 — 1,44),i3 = 1,...,N3igy =
0,1,..., M, with intensity of transition us.

The transition rates for any other transitions not considered above, when the inventory
level is zero, are zero. The intensity of passage in the state (0,i2,13,74) is given by

— > a (0,2, i3, 14); (0, ja, j3, ja)) -
(07i2 7i3 7i4)¢(07j2 7j37j4)

Using the above arguments, we have constructed the following matrices: Cs = pal(pr41)

(K — (i3 +14)) A2, - Ja=ig+1, iy € VoM_l7
[Dolisj, = —((K = (i3 +14)) (A1 + A2bignr) + B),  Ja = 14, iy € VM,

0, otherwise,

(K — (i3 +ia) A2, ja=ig+1, ige V3T

[Dlisja = —((K — (i3 +14))A20imr + B),  Ja = ia, iy € VM,

0, otherwise,

(K — (i3 +14)) A2, ) Ja=is+1, ige VML
[D1lisj, = —((K — (i3 +ia)) (A1 + A2bignr) + B+ p2),  Ja = ia, iy € VM,

0, otherwise,

(K = (is+1i4) Ao, Ja=is+1, iz V',

[Daliyj, = —(N2binr + pz + B),  ja =i, iy € VM,
0, otherwise,

Combining theses matrices in suitable form, we get

Ci, jz=iz+1, ige V{1

(BO),. Do, j3 = i3, iz eV,
00 12373 D, j3 — i37 'L.3 — N,
0, otherwise,
[B(O)]~ o Co, jz=iz—1, ige V",
20 JaJs 0, otherwise,
Ci, js=is+1, izeV{,
[B(O)]i , Dy, j3 =13, is € VN1,
22 s Do, j3 =13, i3 =N,

0, otherwise,
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Hence the matrix Agg is given by

BY, jy =0, i

N.2, 2015

2 = O,
0 . )
[Aooliy; 350)7 Jo = ap, 2=y,
272 BO . _ S
29y J2 = Q2 12 = (g,
0, otherwise,
and Agg is denoted by By. Arguments similar to above yields: For iy =1,2,...,s,
1 .
B(()O)7 J2 = Qo, 12 = &y,
1 . .
B(()l)v J2 aq, 12 = Oy,
1 : )
B§1)v J2 = aq, 9 = o1,
1 . .
B(()S)v J2 = Q3, 12 = Oy,
1 . )
[Aiviiliai BY), j2=ao, iy=as
1,81 ]9272 B(l) . .
21, J2 = Qq, 9 = (g,
1 . )
Bég), Jo=ag, 2= Qg
1 . .
Bz(gl)u .]2 = alu 7’2 = a37
1 . )
Bég)a J2=az, 12 =aQs,
0, otherwise,
with
[B(l)], L G, j3=0, 13 =0,
00 J*3J3 0, otherwise,
(Glivis = —((K = (i3 + i) (M1 + A2) + B+ 64,), ja=0, is € Vg,
144 0, otherwise,
[B(l)] . — Cl) j3 = 17 i3 = 0;
01 [tajs 0, otherwise,
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[B(l)] . — Fa j3 = Z.37 i3 = 07
03 JtaJs 0, otherwise,
(K - (Z3 + i4)))‘2a j4 = i4a iy € Vv()Ma
[F]i4j4 = 9’54? j4 = Z‘4 - 17 Z‘4 S ‘GMa
0, otherwise,
Ci, ja=iz+1, izeV
[Bﬁ)]isjs = G, ]:3 B 1:37 1:3 < VlN_l’
Ga, J3 =13, i3 =N,
0, otherwise,
(K — (i3 +1i4)) A2, - Ja=14+1, g€ VOM_l,
[Giliajs = § —((K = (i3 +ia)) (A1 + A2diynr) + pr + B), ja = ia, i € Vg,
0, otherwise,
(K — (i3 +1i4)Aa, jo=is+ 1, dae VM
[Galisjs = —((K = (i3 +1i4))A20ignr + p1 + B),  Ja = da, ig € VM,
0, otherwise,
[B(l)] . — 027 j3 = 07 i3 = 07
20 Jt3J3 0, otherwise,
(B = Cy jz=iz—1, izeVy,
21 s 0, otherwise,
Ci, ja=iz+1, izeV
BY), . = Gs, J3=1is, iz e VIV,
22 el Gy, J3 =13, iz = N,
0, otherwise,
(K — (i3 +i4)) A2, ) ja=ig+1, ige VMY
[Gslisjs = 4 —((K — (i3 +ia)) (A1 + A2diynr) + p2 + B), ja = ia, ig € ViV,
0, otherwise,
(K — (i3 +i4)) A2, ji=is+1, ige Vgt
[Galiajs = —((K = (i3 +ia))A2diyns + pio + B),  ja = ia, i € Vg,
0, otherwise,
[B(l)] . — Fla j3:17 Z.3:07
31 JtsJs 0, otherwise,
[Filig, = r(K — (i +ia)) A1, ja=ia+1, ig€ V2
iaja 0, otherwise,
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Fo, j3s=1, i3 =0,

Cl, j3 =13, i3 € VlN_l,
[Béglg)]igjg = , 3:3 - 2:37 223 ~ O’N_l

Hy, J3 =13, ZgEVl ,

Hy, js=1s, i3 =N,

0, otherwise,

Folis, = { A-DE = (i +i))h, =i+l ie |/
01iazs 0, otherwise,

(K — (i3 +i4)) A2, Ja=is+1, ige VMY
(Hliyy = —((K = (i3 +i4)) (A1 + X2) + p3 + B), ja = i, iy e VM

i (A =r)(K = (i3 +ia)) M + pz + B8),  Ja = ta, iy = M,

0, otherwise,

(K — (i3 +14)) A2, ) Ja=ig+1, iy VML
[Hilisjs = —((K = (i3 +14)) (M1 + X2bir) + 3+ B), Ja = ia, iy € VM,

0, otherwise,

(K — (i3 +1i4)) A2, Ja=is+1, ige VML
[Holiyjy = —((K = (i3 +14))A20iyns + p3 + B),  Ja = i, ig € VM,

0, otherwise,

Forii=s+1,s+2,...,5,

@) . .
By, Jje =g, i2= o,
@ . .
By, je=oa1, iz = o,
@ .
B117 ]2:a17 12 = Qq,
@ .
B(]3 , J2 = Qs, 12 = (o,
@) . .
(A iling = By, je =g, iz = g,
11,21 12272 (2) . .
By, je=oa1, i = ag,
@ .
By, je=oa,  i2= g,
@ . .
By, je=oa1, i = as,
2 . .
Byl jo=oa3, i = as,
0, otherwise,
[B(Z)]- o L, j3=ris, i3 =0,
00 JtaJ3 0, otherwise,

(L, = —((K — (i3 +ia)) (M + X2) + 0iy, ja=da,  ig € VG,
s 0, otherwise,
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2
[B(()l)]iajé

2
[B (()3)]i3j3

2
[Bgl)]iajé

[L 1]i4j4

[Laisja

2
[B éo)]isjs

2
[Bél)]iwé

2
[BSisis

[K 1]i4j4

[K 2]2'4]'4

2
[Bi(’)l)]isjs

2
[B §3)]i3j3

017
0,

F,
0,

0,

j3 = 1a Z.3 = 07
otherwise,
j3 = 07 i3 = 07
otherwise,

js=iz+1, ige V",

j3 = i3a Z.3 S VlNila

j3 — i3a 7:3 == N,

otherwise,
(K — (i3 +i4)) A2, ) Ja=is+1, ige VM2
—((K — (i3 4 144)) (A1 + A20iynr) + p1),  Ja = i, iy € VM,

otherwise,
(K — (i3 +1i4)) A2, ja=is+1, ige VL
—((K — (i3 +14)) A20iynr + 1), Ja = ia, iy € VM,
otherwise,

j3 =0, i3 =1,

otherwise,

js=ig—1, izeVy,

otherwise,

j3 = i3 + 17 i3 S ‘/leila

j3 = i37 Z.3 S ‘/leila

j3 = 7:37 7:3 == N,

otherwise,
(K - (i3 + i4)))\2a _ Ja=14+1, 14 € VOMfl,
—((K = (i3 +i2)) (M + A2diymr) + p2), Ja = ia, iy € VM,

0, otherwise,

(K — (i3 +i4)) A2, Ja=ig+1, ig e VML
*((K - (i3 + i4)))\25i4M + ,UZ), j4 == i4, i4 S VE)M,
0, otherwise,

Fi, js=1, i3 =0,

0, otherwise,

Fo, Jjs=1, i3 =0,

Ci, js=iz+1, ize VN,

U, Jjs=1s, i3 =0,

Ui, J3 =13, ig € VN1,

V7 .]3 = 23’ 23 - N7

0, otherwise,

..261
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(K — (i3 + ia)) Ao, jo=ia+1, e VML
Ui = —((K = (i3 +i4)) (A1 + A2) + p3),  ja = ia, ig € V{L,
o —(( = r)(K = (i3 +ia)) A1 + p3),  Ja = ia, ig = M,
0, otherwise,
(K = (i3 +14)) A2, ) ja=is+1, ige VM
[Utlisjs = —((K = (i3 +14)) (A1 + A2diynr) + p3), ja = ia, ig € VM,
0, otherwise,
(K = (i5 +ia)) A2, Jr=ia+1, dge V'
Vg = § —((E = (i3 +ia))X2biym + p13),  ja = ia, is € Vp',
0, otherwise,
We denote A;, ;,,i1 =1,2,...,5as By and 4;, ;,,i1 = s+ 1,5+ 2,...,5 as Bo. Hence the

matrix A can be ertten in the following form

Ay, =u—1, i1 =1,
Alv jl = 2.1 - 17 2.1 € VQSv
C, nh=iu+Q, i€V

007 j1:i1+Q’ i1:07

Al = . . .

[Aliss, By, 71 =11, 11 =0,
Bl, j1 = il, 11 € Vls,
Bs, j1 =11, i1 € V3,

0, otherwise.

It can be noted that the matrices By, B2, A; and C are square matrices of size (3N +

2)(M + 1). Ap and Cj are matrices of size (3N + 2)(M + 2) x (2N + 1)(M + 1) and

(2N + 1)(M + 1) x (3N + 2)(M + 1) respectively. By is the square matrix of order

(2N+ 1)(M+ 1) C(gg)v C[g?))v Béé)v B(()g)v EOa H37 H47 035 Cl, DOa Da 027 Dla D27 Ga G17

Go, Gs, Gy, F, F1, Fy, Hy, H, Ho, L, L1, Lo, K1, Ko, U, Uy and V are square matrices of
0 3 3 1 1 0 0) (1 1 1 2

size (M+1). C(gl)7 052)7 C£1)7 052)7 A§1)7 AJ(LQ)a A52)7 BéQ)’B§1)’ Bél)v Béz)v B§1)7 (1) and B( .

are square matrices of size N(M + 1). ng), A:(g%), B[()g), B:%) and B:g? are square matrices

of size (N +1)(M +1). Ago), B%) and Bég) are matrices of size N(M +1) x (M +1). A:(Sl)’
Bgl) and B( ) are matrices of size (N+1)(M+1)x N(M+1). Ago) and Béo) are matrices
of size N(M+ )X (N+1)(M+1). B((ﬁ) and Bél) are matrices of size (M +1) x N(M +1).
B(%) and Bé? are matrices of size (M + 1) x (N + 1)(M + 1). Agt) is the matrix of size
(N+1)(M+1) x (M+1).

3.1. Steady state analysis. It can be seen from the structure of A that the homogeneous
Markov process {(L(t),Y (t), X1(t), X2(t)) : t > 0} on the finite space F is irreducible,
aperiodic and persistent non-null. Hence the limiting distribution

PULi2:00)  —  Yim PrL(t) = i1, Y (t) = ig, X1(t) = i3, Xo(t) = i4|L(0), Y (0), X1(0), X2(0)] exists.

t—o00
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Let ® = (@@, &M ... &) and partitioning the vector, 1) as follows:

&0 _ ($(0:0)
P i) (q,(ihao
P i) (q)(h@u
P i) (Plinaz
i) — ((I,(ihas

which is partitioned as follows:

PFlin.xo) _—  (plin,a0, ),

(I)(il,ozo) (p(zl,ao,l (p(zl,ao,Q)

Plira2) (11@272)

( 0)

= )
Plnar) _ (@(110&1,1) (%170412)
(@(%1@271)
)

q)(il,ag) — ((I)(zl,ag, @(zl,ag,l)

Further the above vectors also partitioned as follows:

$i1,000)  _ (Qg(ll,aovo 0) ¢ (i1,00,0,1) "

$(0:20,i3) (¢(0 1@0,i3,0)  5(0,00,13,1 )7 o 7¢(0»0<07i37M))7
Plinaris) (¢(11 001,13, )’ ¢(i1»a17i371)’ N

plivazia)  —  (p(i1,028.0) yie2isl)

plinos.is) (pliresial) gplivasisl)

i1=0,1,2,3,...,5;
i1=1,2,3,...,5;
i1=0,1,2,3,...,5;
11=1,2,3,...,5;

i1=0,1,2,3,...,5;

N

elvaLN)y =123 .S,
q)(ihaz,N)), i1=0,1,2,3,...,5;
vy i =123 ..., 8;

. (Z)(il,ao,O,M))’

i1=0,1,2.3,....85:
13:172737 7N7

Lolivenis M)y g =193 S i3 =1,2,3,...,N;

L plimezis My - =0,1,2,3,...,8; i3 =1,2,3,...,N;
L plmesi M)y g — 9 9.3 8 i3=0,1,2,3,...,M;

Then the steady state probability ® satisfies
P00 =0

(i1,2,13,i4)

The equation (1) yields the following set of equations:

D1 By + @11 A

DU B + ety

P11 B,y + @A + 1-1=Q)
®0C, + @ilBQ + q)(i1+1)A1
$1=QC + o1 B, + (1t 4,
®1=QC + ¢ By

0,

)

)

oo oo o

)

and (1)

Z Z Z ¢(i1,i2,i3,i4) -1

(2)

11 =0,

11=1,2,...,s,
i1=s+1,...,Q —1,
i1=Q (*)
h=0Q+1,...,8-1

i1 =2.5.

The steady state probability distribution ®%,i; = 0,1,2,...,S, can be obtained using the

following algorithm.

1. : Solve the following system of equations to find the value of ®%

q)(Q) [(—1)Q(A13271)(Q7(3+1))(AlBlil)s(A()Bo_l)C[) + By

s—1

(=12 (ABy )PV (A B YU (OB ) A =0

J=0
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and

»Q [(—1)Q(AlB_1)(Q*(S“))(AlBl_l)s(AoBo_l)+

S

Z(_1)Q_il(AlBQ_I)(Q_(S‘f‘l))(AlB 5+1 J+ Z Q i1 AlB )(Q—21)+I

11=1 i1=s+1
S ' S—i1 o .
+ Z (_1)2Q+1—z1 Z (AlB;l)(S+S_(ll+‘7)_l)(A]_B;l)(']_‘—l)(cB;l) e—1
11=Q+1 J=0

: Compute the values of

(~1)91(A1 By )@ (D) (A BT 1) (A By L), i =0,
(=197 (A By )@= (4, B (=), i1=1,2,...,s,
Q. ) (D ABy H e, ih=s+1,...,Q—1,
11 T I’ il = Q
S—i
(—1)2@+1-0 Zl(z‘th Y=t D)=0) (A, ByHYUHD (OB Y, i1=Q+1,Q+2,...,
=0

3. : Using @ and Qi,i1 =0,1,...,5, calculate the value of &) 4, =0,1,...,5.
That is,

i) — @(Q)Qil’ i1=0,1,...,8S.

4. SYSTEM PERFORMANCE MEASURES

In this section, we derive some measures of system performance in the steady state.
Using this, we calculate the total expected cost rate.

4.1. Expected Inventory Level. Let n; denote the excepted inventory level in the
steady state. Since ®(1) is the steady state probability vector that there are i, items
in the inventory with each component represents a particular combination of the number
of customers in the waiting hall, number of customers in the orbit and the status of the
server, (e gives the probability of i1 item in the inventory in the steady state. Hence
1 is given by

S

nr = Z i1 ®Me

i1=1

4.2. Expected Reorder Rate. Let nr denote the expected reorder rate in the steady
state. A reorder is placed when the inventory level drops from s+ 1 to s. This may occur
in the following two cases:

e the server completes the essential service for a high priority customer
e the server completes a service for a low priority customer

Hence we get

— Z Z ¢(s+1,a1,13,z4) + g Z Z ¢(S+1,a3,23,14)'

i3=114=0 i3=014=1
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4.3. Expected Loss Rate for High Priority Customers. Let 1y denote the ex-
pected loss rate for a high priority customer in the steady state. Any arriving high priority
customer finds the waiting hall is full and leaves the system without getting service. These
customers are considered to be lost. Thus we obtain

M
R S CRICETR WL b o SRR
i4=0 11=114=0
+ Z Z (N +ig) Ay plivesNia) 4 Z Z (N + ig) A plinezNia)
11=1174=0 11=014=0

4.4. Expected Loss Rate for Low Priority Customers. Let 1 denote the expected
loss rate for a low priority customer (i.e.: expected number of low priority customers lost
before entering the orbit per unit time) in the steady state. Any arriving low priority
customer finds either the server busy or inventory level is zero and orbit size is full, leaves
the system. These customers are considered to be lost. Hence nrp, is given by

N
nr = (K — (ig+ M)Agg(O00ieM) 4 Z Z (ig + M)AggpironisM)
13=1 11=113=1
S N
+) 0D (K = (i3 + M)dgglrezis?) 4 Z Z (i3 + M) Aot 03/i:M)
11=0143=1 i1=113=0
S
+ 30D (K = (i3 + M)A gl esis)
11=1143=0

4.5. Expected Waiting Time for High Priority Customers. Let ny gy denote the
expected waiting time for high priority customers in the waiting hall. We get

NQH
NAH

NwH =

where 7gp is the expected queue length for high priority customers in the waiting hall.
It is given by

N M S N M
o = Z Z i3¢(0,a0,i3,i4) + Z Z Z i3¢(i1,a1,i3,i4)

i3=1144=0 11=1143=1144=0

S N M S N M
+ Z Z Z igplivazisis) Z Z Z b1 /i3:i)

i1=013=114=0 i1=113=1144=0

and nap is the effective arrival rate for high priority customers (Ross [24]) in the waiting
hall. Then
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s M N-1 M
NAH = Z Z (i3 + i4) Ay p(1120:004) Z Z (i3 + ig) Ay plO0ia:00)
11=014=0 i3=11i4=0
S N-1 M S N-1 M
NN (K (i3 + i) d o) £ NN TN (K — (i3 4 dg) A gl onie)
i1=1i3=114=0 i1=0 i3=1 i4=0
S N-1 M
+) > (K —(is + ig) A P10 13:14)
i1=1i3=0i4=0

4.6. Expected Number of Low Priority Customers in the Orbit. Let ny 1 denote
the expected number of low priority customers in the orbit. We get

N M S M S N M
nwr = Z Z Z‘4¢(070¢0,i3,i4) 4 Z Z 1-4(;5(1'1,040,0,1‘4) 4 Z Z Z i4¢(ilya17i37i4)
iz3=114=1 11=014=1 11=113=1144=1
S

N M S N M
+ Z Z Z igplivezisis) Z Z Z g plin i)

i1=013=114=1 i1=113=014=1

4.7. Probability that Server is Busy. Let ngp denote the probability that server is
busy is given by

S N M

i1,001,13,0 11,009,131 i1,03,03,54)

nsp = ZZZ¢1 1“)+ZZZ¢1 SR DID DD DA
11=113=114=0 11=013=114=0 11=113=014=0

4.8. Probability that Server is Idle. Let ng; denote the probability that server is idle
is given by

S M N M
Z Z ¢(i1,o¢0,0,i4) + Z Z ¢(0,O¢0,i3,i4)

11=0144=0 i3=1144=0

4.9. The Overall Rate of Retrials. Let nor denote the overall rate of retrials in the
steady state. Then

N M S M S N M
nor = Z Z 9i4¢(0,a0113,l4) + Z Z 92,4¢(11,Oéo,0724) + Z Z Z 9i4¢(ll7a1723724)
i3=1144=0 11=0174=0 11=1143=1144=0
S N M S

N M
+ Z Z Z 9i4¢(i1,a2,i3,i4) + Z Z Z 6i4¢(i1,a3,i3,i4)

11=0143=1144=0 11=1143=014=0
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4.10. The Successful Retrial Rate. Let ngr denote the successful retrial rate in the
steady state. Then

S M
nsp =33 O, w00

i1=1is=1
4.11. The Fraction of Successful Rate of Retrial. Let nrpr denote the fraction of
successful retrial rate in the steady state. Then
"SR

NFR = ——
TIOR

5. EXPECTED TOTAL COST RATE

We assume various cost elements associated with different system performance measures
are given as follows:

cp, — Inventory carrying cost per unit per unit time

cs — Setup cost per order

cp — Cost per high priority customer lost

cy — Cost per low priority customer lost
cwn — Waiting cost of a high priority customer per unit time
cwi — Waiting cost of a low priority customer per unit time

We construct the function for the expected total cost per unit time as follows:

TC(S,s,N,M) = cpnr + csnr + annra + cu(Mnr + MRR) + CorMWH + CutiwL

where n’s are as given in the above measures of system performance.

6. CONCLUSION

In this article, we have presented a continuous review stochastic retrial queueing-
inventory system with finite source, (s, Q) policy and Mixed-priority discipline. The lead
times of reorder, service times and the retrial demand time points form independent expo-
nential distributions. The model is analyzed within the framework of Markov processes.
Joint probability distribution of the number of customers in the waiting area, the number
of customers in the orbit and the inventory level are obtained in the steady state. Various
system performance measures and the long-run total expected cost rate are derived.
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