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Abstract

We consider an M/G/1 feedback queue with optional server vacations based on
Bernoulli schedule and a single vacation policy. We assume that the server pro-
vides three types of service, type 1 with probability p;, type 2 with probability p;
and type 3 with probability p; with the service times following general distribution
and each arriving customer may choose any of the three types of service. However
after the completion of each type 1, type 2 service or type 3 service, the customer
can feedback to the tail of the original queue with probability p to repeat the service
until it is successful or may depart the system with probability ¢ if service happens
to be successful. The feedback customer also has the option to choose either type
1, type 2 or type 3 service with probability py, p, and ps3 respectively. Again at the
completion of each type of service, the server can take a vacation with probability
6 or may continue to stay in the system with probability 1 — 6. Further, we assume
that whenever, the server takes a vacation, it is always a single vacation with ex-
ponentially distributed vacation period. The time dependent probability generating
functions have been obtained in terms of their Laplace transforms and the corre-
sponding steady state results are obtained explicitly. Also the mean queue length
and the mean waiting time are computed.

AMS subject classification: 60K25, 60K30.

Keywords: M/G/1 queue with Bernoulli feedback, Bernoulli schedule server va-
cation, Single vacation Policy, Steady state, Stability condition, Mean number in
the system, Mean waiting time.

1. Introduction

In many examples such as production system, bank services, computer and commu-
nication networks, besides feedback the system have vacation. Vacation queues with



2 S. Vanitha

different vacation policies including Bernoulli schedules, assuming a single vacation
policy or multiple vacation policy have been studied by many researchers.

Levy and Yechiali [12], Fuhrman [9], Doshi [7] and [8], Keilson and Servi [11], Baba
[1], Cramer [6], Borthakur and Chaudhury [3], Madan [13], [14] and [15], Choi and Park
[5], Takagi [18] and [19], Rosenberg and Yechiali [17], Chaudhury [4], Badamchi Zadeh
and Shankar [2] and many others have studied vacation queues with different vacation
policies. Madan and Chaudhury [16] have studied a single server queue with two phase
of heterogeneous service under Bernoulli schedule and a general vacation time. In this
system, without feedback, the server after completing the service can take vacation with
probability € or remain in the system with probability 1 — 6.

Madan and Anabosi [15] have studied a single server queue with optional server
vacations based on Bernoulli schedules and a single vacation policy. In this system,
without feedback, the server provides two types of heterogeneous exponential service
and a customer may choose either type of service. Moreover, the server after completing
the service can take vacation with probability 6 or remain in system with probability
1—-6.

In this paper, we consider a single server vacation queueing model with feedback, in
which the server provides three types of service and each arriving customer has the option
of choosing any of the three types of service. Further, we assume Bernoulli schedule
server vacations, which means that on completion of each type of service the server
may take a vacation or may continue staying in the system. When the server is under
vacation, the customers arriving during the vacation period have to wait in the queue
until the server comes back. We further assume that the three types of service follow
general distribution and whenever the server takes a vacation, it is a single vacation with
exponentially distributed vacation period.

The rest of the paper is organized as follows. The mathematical description of our
model is in section 2 and equations governing the model are given in section 3. The time
dependent solution have been obtained in section 4 and the corresponding steady state
results have been derived explicitly in section 5. Mean queue length and mean waiting
time are computed in section 6 and in section 7 respectively.

2. Mathematical description of the model

We assume the following to describe the queueing model of our study.

» Customers arrive at the system one by one according to a Poisson stream with
arrival rate A (> 0).

* The server provides three types of service, type 1, type 2 and type 3 with the
service times having general distribution. Let By (v) and b1 (v) respectively be the
distribution and the density function of the type 1 service.

* The service time of type 2 are assumed to be general with the distribution function
B> (v) and the density function b, (v).
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* The service time of type 3 are assumed to be general with the distribution function
B3(v) and the density function b3(v).

* Just before the service of a customer starts he may choose type 1 service with prob-
ability p; or type 2 service with probability p», or type 3 service with probability
p3 where p1 + p» + p3 = L.

* Further, u;(x)dx is the probability of completion of the i-th type service given
that elapsed time is x, so that

bi(x)
: =—— i=1,2,3, 2.1
B = T @.1)
and therefore,
—fvu«i(X)dx
bi(v) = ui(v)e ° ,i=1,2,3. (2.2)

 After the completion of each type of service, the server may take a vacation with
probability 6 or may continue staying in the system with probability 1 — 6.

* The vacation periods are exponentially distributed with mean vacation time —.

* On returning from vacation the server instantly starts serving the customer at the
head of the queue, if any.

* Moreover, after the completion of each type 1 or type 2 or type 3 service, if the
customer is dissatisfied with its service, he can immediately join the tail of the
original queue as a feedback customer for receiving another service with probabil-
ity p. Otherwise the customer may depart forever from the system with probability
q = 1 — p. After joining the tail of the queue, the feedback customer again has the
option to choose either type 1 service with probability p; or type 2 service with
probability p, or type 3 with probability p3. Further, we do not distinguish the
new arrival with feedback.

* The customer both newly arrived and those that are fed back are served in the order
in which they join the tail of the original queue.

* The customers are served according to the first come, first served rule.

* The inter-arrival times, the service times of each type of service and the vacation
times are independent of each other.
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3. Equations governing the system

We define

P,fl)(x, t) = Probability that at time ¢, there are n(> 0) customers in the queue ex-

cluding one customer in the first type of service and the elapsed service time for this
o0

customer is x. Consequently P,fl)(t) = f P,fl)(x, t)dx denotes the probability that at

0
time ¢ there are n customers in the queue excluding the one customer in the first type of
service irrespective of the value of x.

Pn(z) (x, t) = Probability that at time ¢, there are n (> 0) customers in the queue excluding

one customer in the second type of service and the elapsed service time for this customer
[0¢)

is x. Consequently P,fz) (1) = / P,gz) (x, t)dx denotes the probability that at time ¢ there

0
are n customers in the queue excluding the one customer in the second type of service
irrespective of the value of x.

Pn(3 ) (x, t) = Probability that at time ¢, there are n(> 0) customers in the queue excluding
one customer in the third type of service and the elapsed service time for this customer
(e.¢]

is x. Consequently Pn(3) (1) = / Pn(3) (x, t)dx denotes the probability that at time ¢ there

0
are n customers in the queue excluding the one customer in the third type of service
irrespective of the value of x.

V., (t) = Probability that at time ¢, there are n(> 0) customers in the queue and the server
1S on vacation.

Q(t) = Probability that at time ¢, there is no customer in the queue or in service and the
server is idle but available in the system.

The model is then, governed by the following set of differential-difference equations:

0 d
PP+ PV + Gt )PV = R ()
n=1,2,...,

d d
o P @D+ BV + Gk @) B =0, (3.2)
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d 0 )
5P,§2)(x, 1) + EP"@(X’ 0+ 04 m@) PP, 1) = PP (x,1)

n=12,...,

d d
apm, t) + Epg%, 0+ O+ m) PP (x, 1) = 0,

9 9
p P,f3)(x,t)+—atP,?)(x,r)+(x+u3(x))P,§3>(x,r) = aPP (x, 1)
X

n=12,...,

0 d
— PP (x, 1)+ 51’0(3)(& N+ G+ i) PP, = 0,

0x
d o0
V0 = —G+ BV +6q / PV (x, 1)per (x)dx
0
o0 o0
+6q f P& (x, Do (x)dx + 46 f PO (x, Hps(x)dx,
0 0
d 0
V@ = =G+ BV + A1 (1) +0p f P (x, r)p (x)dx
0
0 o0
2) 3)
+0p f PP (x, t)ua(x)dx + 6p f PP (x, Dz (x)dx
0 0
0 o0
+64q f PV (x, t)p (x)dx + Og f P (x, 1) pa(x)dx
0 0
0
+9q/Pn(3)(x,t),u3(x)dx, n=1,2,...,
0
d o0
320 = =00 + Vo) + (1 —e)q/Po(”(x,r)m(x)dx
0

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

+(1 —0)g f PP (x, Hua(x)dx + (1 — 6)g f P (x, Dz (x)dx
0 0

(3.9)
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Equations (3)—(11) are to be solved subject to the following boundary conditions:

PO, =

PO, =

Py?(0,1) =

Q(OAp1 + p1BVI(t) + pr(1 —0)p f PV (x, 1y (x)dx
0

+p1(1—6)p f PP (x, Hua(x)dx + pi(1 —6)p f PO (x, Hpa(x)dx
0 0

+p1(1 —6)g f PV (x, D (x)dx + pi(1 — 6)g f PP (x, H)pa(x)dx
0 0

+pi(l—6)g f PO (x, Hpus(x)dx, (3.10)
0

P1BVar1(t) + pr(1 —e>pf PV (x, ) (x)dx

0

+p1(1—=0)p / PP (x, )z (x)d + p1(1 —60)p / P (x, t)us(x)dx
0 0

+pi(1 —6)q / P (x, i (x)dx + pi(1 — 6)g / P\ (x, Hpa(x)dx
0 0

+p1(1 —e)q/P,fi)l(x,r)m(x)dx, n=12,..., (3.11)
0

Q(OAp2 + paBVi(t) + p2(1 — 6)p / PV (x, ) (x)dx
0

+p2(1—6)p / PP (x, Oz (x)dx + po(1 — 0)p / PO (x, H)ps(x)dx
0 0

+p2(1—6)g f PV (x, i (x)dx + pa(l — 6)g f P2 (x, Hua(x)dx,
0 0

+p2(1 = )g / P (x, Hpa(x)dx (3.12)

0
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P20, 1)

PO, 1) =

P01 =

P2BVas1 () + p2(1 = 0)p f PO (x, 1)1 (x)dx
0
o0 o0
+p2(1—0)p / P® (x, )z (x)dx + pa(1 —6)p f P (x, Hps(x)dx
0 0
o0 o0
+pa(1 - B)g / P (x, 1 (0)dx + pa(l — O)g / PO, (x, Dpa(x)dx
0 0
0
+pa(l —e)p/P,?)(x,t)m(x)dx, n=1,2,... (3.13)
0
o0
Q(t)rp3 + p3BVi() + p3(1 —0)p / PeV (x, 1)pr (x)dx
0
0 0
+p3(1—6)p / PP (x, pa(x)dx + p3(1 — 6)p / P& (x, 3 (x)dx
0 0
(0,0) (0,0)
+p3(1 —0)q / PV (x, Dpi(x)dx + p3(1 — 6)g f PP (x, Dpa(x)dx,
0 0
(0,0)
+p3(l —9)q/P1(3)(x,t)u3(x)dx (3.14)
0
P3BVar1(t) + p3(1 —0)p / PV (x, 1)1 (x)dx
0
o0 o0
+p3(1=0)p f P2 (x. )ua(x)dx + p3(1 = 0)p / P (x, )3 (x)dx
0 0
0 (0,0)
+p3(1 = 0)q f P G D @)dx + p3(1 = 6)g / P2 (. Dpa(x)dx
0 0
o0
+ps(l —9)p/P,§3)(x,t)u3(x)dx, n=12,... (3.15)
0

We assume that initially there is no customer in the system, the server is not under
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vacation and the server is idle. So the initial conditions are

Vo(0) = V,(0) =0, Q(0) =1 and P/(0)=0 for n=0,1,2,...,j=1,2,3.
(3.16)

4. Generating functions of the queue length:
The time-dependent solution

In this section we obtain the transient solution for the above set of differential-difference
equations.

We define the probability generating functions,

o0 (0.9]
PV, z.) = Y "PP.t), PP@n=>Y "PP). (4.1)
n=0 n=0
o0 o0
PP(x,z.) = Y "PPx.1), PP =) "PPW), (4.2)
n=0 n=0
o0 (0.9]
PPx.z.) = Y "PPx.n), PP.n=) "PP). (4.3)
n=0 n=0
o0
Vi) = ) 2"V, (44)
n=0

which are convergent inside the ’circle’ given by |z| < 1 and define the Laplace transform
of a function f(¢) as

o0

f(s) = / e f(Hde, R(s) > 0. 4.5)

0

Taking the Laplace transforms of equations (3) — (13) and using (18), we obtain
J —q —1 —
P )+ s+ At )P, () = AP ()

n=12,..., (4.6)

0 — —
P )+ 5 A )P () = 0, @)

0 — — —
P 0s) (s A )P, (xs) = AP ()

n=12,... (4.8)
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0 — _

P (9 (s + A () Py (xs) = 0, (4.9)

0 —@3 —@3 —@3

P ) (s A )P, () = AP ()
n=1,2,... (4.10)

0 — —@3

Py (608) (s A+ us0) Py (x,s) = 0. (4.11)

o0

s+2)0) = 14 BVols)+ (1—6)g / Py (x, )1 (x0)dx

0
00

(1 =) / P2 (x, )z (x)dx

0
oo

+(1—0)q / Py (x, s)pa(x)dx,
0

(4.12)
s+ A+ BVols) = 6q / Py’ (x, $)u1 (0)dx + g f Py (x, $)ua(x)dx
0 0
+6q / Py (x, )pa(x)dx, .13)
0

(o.¢]

S +A+B)Vals) = AV, 1(s)+6p / P (x5 (x)dx

0
) 00

+0p / P (x, )pua(x)dx + 6p / PP (x, )pa(r)dx
0 0
o0 00
- —(2)
+9q/Pn (x,s)m(x)dx+9qun (x, s)pa(x)dx
0

0
o0

+9qu,§3)(x,s)M3(x)dx, n=1,2,..., (4.14)
0
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P0,s) =

PP0,s) =

O(s)Ap1 + p1BV1(s)

(o ¢]

+pi(1—6)p f Py (x, )1 (x)dx

—2
+p1A=0)p | P (. s)pa(x)dx

—@3
+p11=0)p | PS (x. s)ps(x)dx

—(1
+p1(1 —0)q P§ )(x, s)pq (x)dx
—2
Pﬁ (x, s) 2 (x)dx

+pi1(1 —0)q

—@3
+p1(1—0)g | PV (x, s)us(x)dx,

0\8 0\8 0\8 S—

P1BV nt1(s)

(o.¢]

+p1(1—6)p / P (x, ) (0)dx

0
0o

41— 0)p / P2 (x, )a(x)dx
0

0
—@3
+p1(1—0)p f P (x, s)pa(x)dx
0
—(1)
+p1(1=60)g | P (xs)p (x)dx
—12
Pyl (x, s)ua(x)dx,

+p1(1 —0)q

+pi1(1 —0)q

Ffll(x, SYus(x)dxn=1,2,...,

S. Vanitha

(4.15)

(4.16)
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P (0. 5) = Os)Apa + paBVi(s) + pa(1 — 0)p / Py (x, )i (x)dx
0

8

+ (1= 0)p | PE (x, )uax)dx + pa(l — 0)p f PY (x, 8)p3(x)dx
0

+ o1 —0)g | PV, s)mi(x)dx + pa(l — 0)g / 2 (x, $)pa(x)dx
0

+ (1 —0)g | PV (x. )pa(x)dx, (4.17)

0\8 0\8 0\

P20, 5) = paBVusi(s) + pa(1 — 0)p f PV (x, s)p1 (0)dx
0

4 —00p [ PP, pa(0)ds + pa(l —0)p f PO x, sy (v)dx

+ a1 =0)q [ PY (e ym)dx + pa(l — 6)g / P2 (x, )pa(x)dx
0

A3
+ p2(1 —0)q nll(x,s);u(x)dx, n=1,2,..., (4.18)

0\8 0\8 0\8

P30, 5) = Os)Aps + p3BVi(s) + p3(1 — 0)p / Py (x, )1 (x)dx
0

—2 —@3
+ p3(l —e)p/ P (x, s)ua(x)dx + p3(l —e>p/ Py (x, s)pa(x)dx
0 0
—(1) —(2)
+p3(1—9)fI/P1 (x,s)m(x)dx+p3(1—9>q/P1 (x, $)pa(x)dx
0 0

+ p3(1 =) f P e, s (x)dx, .19
0
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o0
- —(1
P30,5) = p3BVari(s) + p3(1 —0)p f P (x, ) (x)dx
0
o0 o0
—2 —@3
+ p3(1 - 9)pf P, (x, $)pa(0)dx + ps(1 = 0)p / P, (x, $)s(x)dx
0 0
0 o0
—(1 —2
+ p3(1—6)g f P (x, )mi(x)dx + pa(1 —6)g / P (x, ) o (x)dx
0 0
(0,0)
—@3
+ p3(l — e)qu,ﬁjl(x,s)m(x)dx, n=1,2,.... (4.20)
0

We multiply equations (24) and (25) by suitable powers of z, sum over n and use (19)
and simplify. We thus have after algebraic simplifications

3 — _
P ) A=A )Py (zs) = 0 (@2D)

Performing similar operations on equations (26)—(29) and using (20) and (21), we have

3 _

513;2)@, 28+ (s + A —hz 4+ m) Py (x,2,8) = 0, (4.22)
J —(3) —3) _

P )+ +r—dztus())Py(x.2,5) = 0, (4.23)

Multiplying equations (31) and (32) by suitable powers of z, summing over n and using
(22), leads to the following after simplification:

(s+r+B-22)V(s) = 0(g+ pz)/ﬁg”(x, 2, )1 (x)dx
0
+0(q + p2) f P, (v, 2, )pa(x)dx
0

+6(q + p2) / Pz, psdr.  (4.24)
0

Next, we multiply both sides of equation (33) by z, multiply both sides of equation (34)
by 7" +1 sum over n from 1 to 0o, add the two results and use (19)—(22). Thus we obtain
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after mathematical adjustments
P (0.2.5) = piaQ®)lz— 11+ pi[1—s06)] +Bp1V(z.s)

+p1(1 = 6)(g + p2) / P (x, 2, $)p1 (n)dx
0

+p1(1—6)(g + p2) / P (x, 2, 5)ua(x)dx
0

=0+ p2) [ PGzt @29
0

Similarly multiplying equations (35)—(38) by suitable powers of z and then adding, we
obtain,

Zﬁf)(o’ z.5) = phO@lz— 11+ p2[1 —=sQ)]+ Bp2V(z, s)

(1 =0+ p) [ P}z m i
0

+p2(1 = 6)(q + p2) / P, (6.2 5)pa(x)dx
0

(=0 +p2) [ PPz omwds @20
0

PP, 2,9 = psh0@Iz— 11+ ps[1—50E)] + BpsV . 5)

(1 =0+ p) [ P}z
0

(1 =0+ p2) [ PPz omatods
0

+p3(1 = 0)(g + p2) f Pz us(odx. (427
0
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Integrating equations (39), (40) and (41) between O and x, we obtain

— (1) —( —(s—H»—)»z)x—jm (t)dt
Pq (-xa Z,S) = Pq (O,Z, S)e 0 (428)
—(2) —(2) —(s-l—k—)»z)x—j wo (t)dt
Pq (x,z,8) = Pq 0,z,9) e 0 (4.29)
—(3) —3) —(S—H»—)»Z)x—f w3 ()dt
Pq ()C, Z,S) — Pq (O,Z,S)e 0 (430)

where ?;1)(0, zZ,58), F((Iz) (0, z,s) and ?;3) (0, z, s) are given by equations (43), (44) and
(45). After integrating equation (46) with respect to x, we have,

—(1) —(1) 1— El (S + A — )»Z)
P, (z.9)=P, (0,z,s)|: gy , (4.31)
where
o0
Bi(s + A — A7) = / e~ T2 g B (x). (4.32)
0

Now from equation (46), after some simplifications and using equation (2), we obtain,
o0
—(1 —(1 —
f P, o) (0)dx = Py (0, 2, )Bi (s + A — A2). (4.33)
0

We now integrate equation (47) with respect to x, to get

—(2) —(2) 1-— Ez(s + A — )\.Z)
Py (z.5) =P, (0,2,5) [ e : (4.34)
where
[0¢)
Ba(s +r—Az7) = / e~ SHATAITG By (x). (4.35)
0
We see that by virtue of equation (47), we have,
0.¢]
-2 -2 -
/Pq (x,z, ) u2(x)dx = Pq 0, z,8)Ba(s + A — A2). (4.36)
0
We now integrate equation (48) with respect to x, to get
—@3) —@3) 1— §3 (s+A—2X2)
P, (z.5) =P, (0.z.5) [ | (4.37)
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where
0

Bi(s + A — A7) = / e~ HA=2DX g Ba(x). (4.38)

0
We see that by virtue of equation (48), we have,

o0

/ P x, 2, 9s)dx = PO, 2, 9)Bs(s + A — 22). (4.39)
0

We now substitute the value of V(z, s) from equation (42) into equation (43), (44) and
(45) and also making use of equations (51), (54) and (57),we obtain after simplifications

zFf,l)(O, z,8) = pirQ®Iz— 11+ pi[1 —=s0©)] +Bp1V(z, )
+p1(1 = 0)(g + p) P, (0,2, 9)Bi(s + A — A2)
+p1(1 = 6)(q + p2) Py (0.2, 9)Ba(s + A — A2)
+p1(1 =0)(q + p2) Py (0,2, $)B3(s + % — 42),  (4.40)

P, 0.2.5) = pr0©)lz— 11+ p2[1 —s06)] + pp2Vi(z. s)
+p2(1 = 0)(q + p2) P, (0.2.9)B1(s + A — A2)
+p2(1 = 0)(q + p2) Py (0.2, $)Ba(s + A — A2)
+p2(1 = 0)(q + pD) Py (0,2, 9)B3(s + 4 — A2), (441

P (0.2,5) = psr0®lz— 11+ p3[1 —s06)] + BpsV(z. s)
+p3(1 = 6)(q + p2)Py (0,2, $)Bi(s + A — 12)
+p3(1 = 0)(q + p2) P, (0.2, 5)Ba(s + A — A2)
+p3(1 —0)(q + p2) Py (0,2, 9)B3(s + A — 12).  (4.42)

Further, from equation (42), the above equations (58), (59) and (60) can now be written
as

Bp16(q + p2)Bi(s + A — A2) \ —=(1)
81— P, (0,z,s)
StA—rz+p q

= [Pl(l —0)(q + p2)Ba(s + 1 — 12)

0 B A—Arz) | —
" Bp10(q + pz)Ba(s + 2) P(z)(O,z,s)
s+tr—2rz+p q
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+[p1(1 —0)(g + pz)B3(s + 1 — A7)
Bp16(q + p2)B3(s + A — A2) | =(3)
- s+r—hz+p }P" ©:29
+p120(s)[z — 11+ p1(1 = sQO(s)) ,
Bp20(q + pz)Bals + 1 — 12) \ =2
(gz_ S+h—hztpB )P‘I 029
= [Pz(l —0)(g + p2)Bi(s + A — A7)
Bp20(q + p2)Bi(s + X — A2) | =)
+[p2(1 —0)(q + pz)B3(s + A — A2)
Bp20(q + p2)B3(s + A — A7) | —@3)
+p2AQ($)[z — 11+ pa(1 —50(s)) .
Bp30(q + pz)B3(s + A — A7) \ —3)
(g3_ StA—Az+p )Pq ©29)
= [P3(1 —0)(g + p2)Bi(s + A — A2)
Bp30(q + p2)Bi(s + 2 — A2) | =)
" s+A—iz+p }PC’ 020
+|:p3(1 —0)(g + pz)Ez(s + A —A2)
Bp30(q + pz)Bals + A — A7) | =)
" s+xr—Arz+p }Pq 029
+p3r0(s)z — 11+ p3(1 — s Q(s)) .
where

g1 = z—p1(1 =0)(q+ p2)Bi(s +1—12),
g2 z—p2(1 = 0)(q + p2)Ba(s + A — A2),
g = z—p3(1 =0)(@g+ pz)B3(s + A —Az).

S. Vanitha

(4.43)

(4.44)

(4.45)

(4.46)
(4.47)
(4.48)
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Next, we write equations (61), (62) and (63) in matrix form as

m@ —ui) —k@) Fz)(o,z,w
—ki(z)  ha(z) —u3(z) )
—u1(z) —ka(z) h3(2)

P12Q(s)(z — 1) + pi(1 =5 0(s))
= | P22A0)z = D+ p2(1 —=50(s)) |-
p3rQ(s)(z—1) + p3(1 —sQ(s))

where

hi(z) = &

s+A—Az+ B
Bp20(q + pz)Ba(s + A — A2)
hy(z) = g —
s+A—Az+B
_ Bp30(q + pz)B3(s + 1 — Az)

s+A—Arz+B

ki(z) = pa(1—0)(g+ pz)Bi(s + 1 — A7)
Bp20(q + pz)Bi(s + A — Az)
s+A—Az+ B
ko(z) = p3(1 —0)(q+ pz)Bals + A — A2)
Bp16(q + p2)Ba(s + 1 — Az)
s+A—Az+ B
k3(z) = pi(1=0)(g+ p2)Bs(s + A —A2)
Bp16(q + p2)B3(s + 1 — Az)
s+r—Az+ B
u1(z) = p3(1 —0)(g + pz)Bi(s + 1 — Az)
Bp30(q + pz)Bi(s + A — Az)
s+A—Az+B
uz(z) = pi(1 —0)(q+ pz)Ba(s + 1 — A7)
Bp19(q + p2)Ba(s + A — A2)
s+A—Az+pB ’
uz(z) = pa(1 —0)(g + pz)Bs(s + i — A2)
Bp20(q + p2)Bi(s + A — A2)
s+A—Az+pB '

_ Bp18(g + p2)Bi(s + & — 1)

17

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

We solve the system (67) simultaneously for F;l) O, z,s), Ff) 0, z, s) and ?S) ©,z,)
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and obtain

P1rQ@)z =1+ pi(1 —=sQ(s) —u2z) —ks(2)
P22 Q@) z =D+ p2(1 =50(s))  ha(z)  —u3(2)

P(1>(OZS) _ p3rQ(s)(z— 1)+ p3(1 —s0(s)) —ko(z) h3(2) .59
hi(z)  —u2(z) —k3(z2)

—k1(z) h2(z) —u3(z)
—u1(z) —ka(z) h3(2)

—ki1(z) p2AQ()(z— 1)+ pa(1 —50(s)) —u3(z)

(2)(Ozs) _ —u1(z) p3rQ(s)(z—1) + p3(1 —sQ(s)) h3(2) @.60)
hi(z) —u2(z) —k3(z)

—ki1(z)  h2(z) —u3(2)
—u1(z) —ka(z) h3(2)

| h)  pirQ@6)z—1)+pi(1—s0(s)) —ks(z)

—ki1(z)  ha(x)  parQ(s)(z— 1)+ pa(1 =50(s))

PG)(O s) = —u1(z) —kaz  p3rQ(s)(z—1) + p3(1 —s0(s)) @.61)
hi(z) —ux(z) —k3(z)

—ki1(z)  ha(z) —u3(z)
—u1(z) —ko(z) h3(z)

hi(z) —ua(z) pirQ(s)(z—1)+ pi(1 —sO(s))

Now from equation (42) and using equations (51), (54) and (57), we obtain,

— 0
+ P(z)(o 2,8)Ba(s + A — A7) + P (O,z,s)§3(s +A— kz)].

(4.62)

where P (O Z,8), P (O z,5) and P (0 z, §) are given by equations (77), (78) and
(79).

Thus P (z s), P ( s), Pq (z,s) and V(z, s) can be completely determined
from equatlons (49), (52) (55) and (80) respectively.

S. The Steady State Results

In this section, we shall derive the steady state probability distribution for our queueing
model. To define the steady state probabilities, we supress the argument ¢t wherever it
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appears in the time-dependent analysis. This can be obtained by applying the well-known
Tauberian property,

l%ﬁ@:ﬂ%ﬂm (5.1)

In order to determine F;I)(z, s), ?;2) (z,9), FS)(z, s) and V(z, 5) completely, we
have yet to determine the unknown Q which appears in the numerators of the right hand
sides of equations (49), (52), (55) and (80) by using initial conditions (77), (78) and
(79) . For that purpose, we shall use the normalizing condition

POM+PPM+PPMH+V(IH+0=1. (5.2)

Thus multiplying both sides of equations (49), (52), (55) and (80) by s, taking limit
as s — 0, applying property (81), simplifying and using equations (77), (78) and (79),
we obtain,

Pi(2)
(1) _ -1
P, () = Do)’ (5.3)
P (z)
) _ 12
PP@ = L (5.4)
P3(2)
3) _ 3
PP@ = poy (5.5)
Vi) = [GAQ(CJ + p2)(z — 1)]
A—Az+B)
Bi(A — A2)P11(2) + B2(h — A2) P22(2) + B3(A — Az) P33(2)
D(z)
(5.6)
where
Pi(z) = Q| pi1h2(2)h3(z) — pi1k2(2)u3(z) + pruz(z)h3(z) + p3uz(2)uz(z)
+ g?zkz(z)k3(2) + p3k3(D)h2(2)1[B1(A — Az) — 1], (5.7)
Py(z) = Q| p2h1(2)h3(2) + p3h1(Du3z(z) + p1ki1(2)h3(z) + prui(z)usz(z)
+ {?3k1(Z)k3(Z) — pau1(2)k3(2)1[Ba(h — Az) — 1], (5.8)
P3(z) = Q| p3hi1(2)h2(z) + p2ka(2)h1(2) — p3ua(2)ki(z) + paui()uz(z)
+ prk1(2)k2(2) + pru1(2)h2(2)1 [B3(h — Az) — 1], (5.9)
hi(z)  —u2(z) —k3(z)
D(z) = | —ki(z) ha(z) —u3(2) |, (5.10)

—u1(z) —ko(z) h3(2)
Pi1(z) = p1h2(2)h3(z) — p1ka(2)u3(z) + pouz(2)h3(z) + p3uz(2)uz(z)
+p2k2(2)k3(2) + p3k3(2)h2(2), (5.1



20 S. Vanitha

P»(z) = p2h1(2)h3(2) + p3h1(Duz(z) + prki(2)h3(z) + prui(2)usz(z)

+p3k1(2)k3(z) — paui(2)ks(2), (5.12)
P33(z) = p3hi1(2)h2(2) + paka(2)h1(z2) — p3ur(2)ki(z) + parui(2)uz(z)
+p1k1(2)ka(z) + prui(2)ha(z2). (5.13)

It is easy to verify that for z = 1, the right hand sides of equations (83), (84), (85) and

(86) are indeterminate of the form o Hence, we apply L’Hopital’s rule and obtain on

simplifying

Pq(l)(l) _ P1AE(v)Q o (5.14)
pilg — AE()] + p2lg — AE(v2)] + p3lg — AE(v3)] — 5
pilg — AE()]+ p2lg — AE(v2)] + p3lg — AE(v3)] — n

Pq(3)(1) _ p3rE(v3)Q o (5.16)
pilg — AE(D)]+ palg — AE(v2)] + p3lg — AE(v3)] — n

oA
Vi) = 9 .

B [Pl[é] —AE()]+ p2lg — AE(v2)] + p3lg — AE(v3)] — F]

(5.17)
Then using equations (94) to (97) into (82) and simplifying, we obtain

o2
pilg — AE(D] + palg — AE(2)] + p3lg — AE(v3)] — n
Q =

oA
PIAE(v) + poAE(v2) + p3AE(v3) + pilg — AE(D] + p2lg — AE(v2) + p3lg — AE(v3)] — ]

(5.18)

We then substitute for Q from equation (98) into equations (49), (52), (55) and (80)
to completely determine ?;l)(z, s), Ff) (z,9), ?{(]3) (z,s) and V (z, s) in closed form.
Equation (98) also yields the steady state condition under which the steady state shall

exist. This condition is given by

0
A (PlE(Ul) + P2E(v2) + p3E(v3) + E) <q. (5.19)
And hence the utilization factor, p of the system is given by

oA
PIAE (V1) + poAE(v2) + p3AE(v3) + ?

p = . (5.20)
q
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where p < 1 is the stability condition under which the steady state results. Equation
(100) also give the probability that the server is idle.

6. The Mean Number in the System

Let L, denote the mean number of customers in the queue. Then, we have, L, = e Py(z)
Z
atz = 1, where P, (z) = Pq(l)(z) -+ Pq(z) (z) + +Pq(3)(z) + V(z) is obtained by adding

0
equations (83), (84), (85) and (86). Since P,(z) is indeterminate of the form 0 at the

z =1, welet

6.1)

NR
Pq(z)=[ (Z)],

DR(z)

where N (z) and D(z) respectively denote the numerator and the denominator of the right
of equation (101), where

NR(iz) = Q{(—2rz+B){P1(2)[Bi(A —2rz) —1]

+ P2 (2) [B2(A — Az) — 1] + P33(z) [B3(A — Az) — 1]}

+10(q + p2)(z — D{[B1(x — A2)] P11(2)

+[B2(A — 12)] Pra(z) + [B3(A — 22)] P13(2)}} . (6.2)
DR(z) = (h—2rz+B)D(), (6.3)

h1(2), ha(2), h3(2), k1(2), k2(2), k3(2), u1(2), u2(z), us(z) are given by equations (68) —
(76) and D(z) is given by equation (90). Then we use the following well-known re-
sult in queueing theory (Kashyap and Chaudhry [10]). This is applied when P, (z) is

) i 0
indeterminate of the form o

D'(z)N"(z) = N'(2)D"(2)

d /
Ly = lim—P,(2) = P(1) = lim
z—1 z—1

dz 2(D'(2))? ’
_ limD(l)N (1)/—N (HD (1). 6.4)
21 2(D'(1))?

We carry out the required derivatives at z = 1, using the fact B;(0) =1, —Ei 0) = E(vy)
and Ei 0)=E (viz), i =1, 2, 3, the second moment of the service time for the ith type
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of service. After a lot of algebraic simplifications, we obtain

/ 0
N (1) = B [PlE(vl) + p2E(v2) + p3E(v3) + E] 0, (6.5)

N'() = Q{WB[PIEWD) + pmE®]) + p3E(WD)]
+2BA[p1E(v1) + p2E(v2) 4+ p3E(v3)]
202 [p1E(v1) + p2E(v2) + p3E(v3)]
+201[(2 — g) + p1AE(v1) + p2AE(v2) + p3AE(v3)]},
(6.6)

/ oL
D) = B [q — P1IAE (V1) — p2AE(v2) — p3AE(v3) — ?] , (6.7)

" 9)\¢
D (1) = B {2 [6] — P1AE (1) — p2AE(v2) — p3AE(v3) — ?]

W [p1EW]D) + p2E@3) + p3E3)]

2Ap0
—=2Ap [P1E(v1) + p2E(v2) + p3E(v3)] — e
2126 2126
—7 [p1E(v1) + p2E(v2) + p3E(v3)] — 7
2\

oA
5 [q — P1AE(v1) — poAE(v2) — p3AE(v3) — F]} . (6.8)

Using equations (105) to (108) into (104), we have obtained L, in closed form, where
Q has been found in equation (98).
Further, we find the average system size L using Little’s formula. Thus we have

L=L,+p (6.9)
where L, has been found in equation (104) and p is obtained from equation (100) as

p=1-0. (6.10)

7. The Mean Waiting Time

Let W, and W denote the mean waiting time in the queue and the system respectively.
Then using Little’s formulas, we obtain,

w, = -<, (7.1)

(7.2)

>‘| N |Qh

where L, and L have been found in equations (104) and (109).
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8. Numerical Example

In order to see the effect of the parameters 6, p1, p» and p3 on some queue charac-
teristics such as server’s idle time Q, the system’s utilization factor p, the average
queue size L, the average system size L, the average waiting time in the queue W,
and the average waiting time in the system Wy, we choose the arbitrary values of
the parameters A, @1, 2, U3, p1, P2, p3, 0 and B such that the steady state condition
(70) is satisfied. The following table has been computed by using the fixed values of
w1 =7, mu2=9,u3=11,A =2, 8 =9 and varying value as of p;, p2, p3 and 6.

The table shows that for a fixed pair of values p;, p» and p3 as 6 increases then the
server’sidle time Q decreases, the system’s utilization factor p increasesand L, Ly, W, W;
all increase as it should be.

0 P1 P2 P3 0 P Lq Ly Wq Wi

0.0 || 0.0 || 0.1 || 0.9 || .962963 || .309764 || .119983 449135 .069686 | .224568
0.1 || 0.2 || 0.7 || .878307 || .333814 || .164679 503747 .084966 | .251874
0.2 || 0.3 || 0.5 | .793651 || .357864 || .207427 .561368 101752 | .280684
0.3 || 0.4 || 0.3 | .708995 || .381914 || .247785 622351 120218 | 311176
04 || 0.5 || 0.1 || .624339 || .405964 || .285384 .687103 .140570 | .343552
0.2 || 0.0 || 0.1 || 0.9 || .555556 | .383838 || .268168 .652006 .134084 | .326003
0.1 || 0.2 || 0.7 || .531506 || .407888 || .310793 718682 155397 | .359341
0.2 || 0.3 || 0.5 | .507456 || .431938 || .357842 789780 178921 | .394890
0.3 || 0.4 || 0.3 | .483406 || .455989 || .409901 .865890 204951 | 432945
0.4 || 0.5 || 0.1 || 459356 || .480039 || .467666 947705 233833 | 473852
04 | 0.0 || 0.1 || 0.9 || .481482 || .457913 || .432164 .890077 216082 | .445038
0.1 || 0.2 || 0.7 || 457432 || .481963 || 491937 973899 245968 | .486950
0.2 || 0.3 || 0.5 | .433381 || .506013 || .558466 1.064479 || .279233 | .532239
0.3 || 0.4 || 0.3 | .409331 || .530063 || .632790 1.162852 || .316395 | .581426
0.4 || 0.5 | 0.1 | .385281 || .554113 || .716168 1.270280 || .358084 | .635140
0.6 || 0.0 || 0.1 || 0.9 || .407407 || .531987 || .648073 1.180060 || .324037 | .590030
0.1 || 0.2 || 0.7 || .383357 || .556037 || .733527 1.289564 || .366764 | .644782
0.2 || 0.3 || 0.5 | .359307 || .580087 || .829872 1.409958 || .414936 | .704979
0.3 || 0.4 || 0.3 | .335257 || .604137 || .939092 1.543228 || .469546 | 771614
04 || 0.5 | 0.1 | .311207 || .628187 || 1.063685 | 1.691871 | .531843 | .845936
0.8 || 0.0 || 0.1 || 0.9 || .333333 || .606061 || .945178 1.551239 || .472589 | .775619
0.1 || 0.2 || 0.7 || .309283 || .630111 || 1.071879 || 1.701990 || .535940 | .850995
0.2 || 0.3 || 0.5 | .285233 || .654161 || 1.217540 || 1.871701 | .608770 | .935850
03 | 0.4 || 0.3 | .261183 || .678211 || 1.386412 || 2.064622 || .693206 | 1.032311
0.4 || 0.5 | 0.1 || .237133 || .702261 || 1.584119 | 2.286380 || .792059 | 1.143190
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