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Abstract: Bulk-service queueing systems have been widely applied in many areas in real life. While
single-server queueing systems work in some cases, multi-servers can efficiently handle most complex
applications. Bulk-service, multi-server queueing systems (compared to well-developed single-server
queueing systems) are more complex and harder to deal with, especially when the inter-arrival time
distributions are arbitrary. This paper deals with analytic and computational analyses of queue-
length distributions for a complex bulk-service, multi-server queueing system GI/M®? /¢, wherein
inter-arrival times follow an arbitrary distribution, a is the quorum, and b is the capacity of each
server; service times follow exponential distributions. The introduction of quorum a further increases
the complexity of the model. In view of this, a two-dimensional Markov chain has to be involved.
Currently, it appears that this system has not been addressed so far. An elegant analytic closed-form
solution and an efficient algorithm to obtain the queue-length distributions at three different epochs,
i.e., pre-arrival epoch (p.a.e.), random epoch (r.e.), and post-departure epoch (p.d.e.) are presented,
when the servers are in busy and idle states, respectively.

Keywords: queues; bulk service; multi-server; Markov chain; quorum

MSC: 60-08; 60J27

1. Introduction

Queueing theory consists of a powerful tool for modelling and analytically studying
many complex systems, such as computer networks, banks, telecommunications, manufac-
turing, and transportation systems. Compared to well-developed single-server non-bulk
queueing systems, bulk-service systems have an extensive mathematical theory. They are
more complex and harder to deal with. In a bulk-service queue, a group (or batch) of
customers can be served simultaneously. Examples of their applications can be seen in
shuttle-bus services, freight trains, express elevators, tour operators, and batch servicing
in manufacturing processes. This topic, due to its perceived applicability, has attracted
the attention of many researchers over several decades. At an early stage, some simple
bulk-service models, such as single-server systems GI/ M?/1 and M/M” /1 were studied
by Shyu [1] and Gross et al. [2], respectively. Neuts [3] first introduced a quorum bulk
service rule to create more complex models necessary to describe certain realistic situa-
tions. He considered a queueing system with Poisson arrivals and a general service-time
distribution M/G%"?/ 1, where a is the quorum and b is the capacity of the server. Easton
and Chaudhry [4] extended these results to the case where the inter-arrival times were
Erlangian with the 7-stage, E; / M%? /1. Later, Chaudhry and Madill [5] gave a solution
for a more general queueing system GI/M®*"? /1. An alternate method was given in Neuts’
book [6], wherein he describes the application of his matrix geometric approach to the
GI/PH*? /1 system, which has a phase-type service-time distribution. However, these
systems are single-server queues. For many other variations of bulk-service queues, such
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as bulk service queues with vacations or bulk-service queues of the type M/G/1, one may
view the survey paper written by Sasikala and Indhira [7]. In this survey, which had over
100 publications, most of the models considered were single server queues.

Multi-server queueing systems are an important class of queueing processes and have
broad practical applications. However, such systems are more complex and harder to deal
with compared to single-server queueing systems, especially when the inter-arrival time
distribution is arbitrary. Medhi [8] investigated a queue with Poisson arrivals M/G*" /c,
but his method was not analytically tractable for ¢ > 2. Related work has also been
conducted by Sim [9] on M/M*? /¢ by using algorithmic methods but no numerical results
were given. Sim [10] solved the 7-phase Erlangian arrivals E,/M®"/c system for the
random epoch probabilities in the steady state and discussed his results in the context
of a transportation system. Adan and Resing [11] derived and presented the numerical
results of the queue-length distributions for models M/COXIAN-2%? /¢ and M/ B, bye.
Compared to our model GI/M* b /¢, the most relevant model studied by other researchers
was GI/M? /¢, where the quorum was set to 1. Goswami et al. [12] solved the finite-buffer
GI/M?/c model by the supplementary variable technique. Shyu [13], as well as Chaudhry
and Templeton [14], dealt with the distribution of the number of customers in the system
without considering the server being busy or idle. Therefore, there is no information
regarding server utilization. Moreover, the numerical results for the system GI/M?/c are
not available.

To make the model useful for applications, in this paper, we considered analytic and
computational aspects to determine the performance of a complex bulk-service, multi-
server queueing system GI/M%? /c. The model GI/M*? /¢ is an extension of the system
GI/M? /¢ (Shyu [13] as well as by Chaudhry and Templeton [14]), by introducing quorum in
the multi-server system GI/M?/c. A quorum refers to the minimum number of customers
that are required in the waiting line before service commences, e.g., a ferry will not start
until the quorum is met, or if we are dealing with transportation problems, a bus may
not start until we have the quorum. This is an important policy desired by the service
providers to reduce the business cost and maximize server utilization. The adding of
the quorum policy makes the model closer to the real situation, but it also makes the
model more complex to study. In view of this, a two-dimensional Markov chain has to
be involved where the first dimension corresponds to the state of the servers (busy or
idle) and the second dimension corresponds to the number of customers in the queue. We
give an elegant analytic closed-form solution to obtain the queue-length distributions at
three different epochs, such as pre-arrival epoch (p.a.e.), random epoch (r.e.), and post-
departure epoch (p.d.e.), not only for the system in a busy state, but also in an idle state.
In the case of the idle state, the probabilities were obtained by simultaneously solving the
¢ X a equations, some of which contained infinite series, which needed to be truncated to
obtain the results. Instead of truncation, which leads to approximate results, we derived a
closed-form solution and proposed an efficient algorithm to fix this problem. The model
GI/M*? /¢ that we considered includes most models ([1,2,4-6,8-10,13,14]) as special cases.
Our model was validated in giving numerical results with the desired degree of accuracy
and trivial computational costs. By selecting particular numbers for the parameters a, b and
¢, and inter-arrival time distributions, the numerical results produced by our model match
the ones provided in those simpler models as expected.

The paper is organized as follows. In the following section, we describe the queueing
model GI/M®*"? /¢, and establish a transition probability matrix (t.p.m.) for the system
in Section 3. In Sections 4—6, we obtain the queue-length distributions at three different
epochs, such as pre-arrival epoch (p.a.e.), random epoch (r.e.), and post-departure epoch
(p.d.e.). To make the model useful for applications, sample numerical results are provided
in Section 7.
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2. Model Description

In this continuous-time queueing system GI/M®? /¢, there are ¢ independent servers,
each serving at the rate y. The customers arrive at the rate A according to a renewal process
with an arbitrary inter-arrival time distribution A(t). One of the idle ¢ servers starts the
service as soon as the number of customers (including the new arriving customer) in the
queue reaches quorum a. Each c server is able to serve up to b customers simultaneously.
This indicates that if the server completes a service and finds less than the quorum a in
the queue, it will become idle until a is reached. The service times of each server are
independently—identically exponentially distributed random variables (i.i.e.d.r.v.'s). We
consider the system to be in a steady state with the traffic intensity p = A/(bcy) < 1.
The queue discipline is first-come first-serve (FCFS) by batches.

3. Transition Probability Matrix (t.p.m.)

In the queueing system GI/M®? /¢, the states occurring at the instants immediately
before the arrivals form an embedded Markov chain (I.M.C.). The state seen by an arriv-
ing customer can be described by (S,, 1), where n > 0 is the queue-length and S, is a
supplementary flag defined as

S _{I(k), if kserversareidle, 1<k<¢, 0<n<a-1,
n =

B, if all servers are busy, n > 0.

We define the system as busy if all the servers are busy (S, = B), and idle if at least
one server is idle (S, = I(k), k is the number of idle servers). The queue-length n can be
written as n = qb 4+ np, 0 < ny < b — 1, where g is the nearest lower non-negative integer of
the fraction n/b, denoting the available number of full size batches (the batch size is b) in
the queue waiting for service.

To build a t.p.m. of the system, we first define the following probabilities.

1. [llm;t] and [I|m], where 0 < I < m < ¢, and there are less than a customers waiting in
the queue at the beginning of the period, thus g = 0. Here,

[l|m;t] = (’7) (1- e—#t)l(e—yt)m—l

is the conditional probability that I of m servers complete services during an inter-
arrival period of duration t, given that m servers are busy (c — m servers are idle) at
the beginning of the period. Moreover, [I|m] is defined as

[1|m] :/O°°[1|m,-t]dA(t), o<l<m<ec (1)

2. {l|c;q} is the conditional probability that I of c servers become idle during an inter-
arrival period, given that all ¢ servers are busy at the beginning of the period, and g
(9 > 1) batches of customers are waiting for the services. Assume that a time V has
elapsed when the last batch of g batches enters service. In this case, the c servers have
been processed at a rate of cy until time V has elapsed. When all c servers are busy,
the number of departed batches follows a Poisson process with a rate cy. The time V
is Erlang-distributed, so it is the sum of g exponential random variables with a rate
cu, implying that the probability density function (p.d.f.) of V is given by

N (170

(7 —1)!
After all the waiting g batches leave the queue, there is time ¢ — V remaining to have /
batches processed. The probability that these I batches complete the service during
period t — V is [I|c; t — V]. Therefore
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{llc;q} = /(;Oo /(;t (?) (1- e—(t—v);t)l(e_(t—v)y)c—l (cn) (((;Zy_)ql_)l!e_c’w dvdA(t). (2)

3. (I|c) is the conditional probability that / batches complete service during an inter-
arrival period of duration ¢, given that all the c servers are busy at the beginning of
the period and still busy at the end of the period. In this case, the number of batches
served in time ¢ is distributed as a Poisson process at a rate of cy:

(1lc) :/OOO %Mm, 1> 0. 3)

Remark 1.

1. [0lc] = (0lc) = [;" e HdA(t) = Ko.
Though [0|c] and (0|c) give identical results, they have totally different meanings. [0|c] is for
the case when (¢ — 1) servers are busy and (a — 1) customers are in queue. After one customer
arrives, all the servers become busy without any departures during the inter-arrival time.
In this situation, the number of customers in the queue must be zero. Moreover, (0|c) is for the
case that all the servers are already busy before an arrival, and no departures happen during
an inter-arrival time. In this situation, the queue-length can be any non-negative number.

2. Itiseasy to prove that (I|c) = {0|c;1}.

Let J; be the system state on the arrival of the rth customer who sees n customers in
the queue. The entry of the one-step t.p.m. T from state (S;,7) to state (S;, ) is

(T(sii),(5,,0) = PUre1 = (S DIy = (Si,1)), 120,720,

implying that the ( + 1)th arriving customer sees j customers waiting in the queue with
the server state S;, given that the previous rth arriving customer saw i customers waiting
in the queue with the server state S;.

The Markov chain (see Tables 1—4) for this system is two-dimensional rather than the
usual one-dimensional. The t.p.m. can be formed as four sub-matrices, which are shown in
Tables 1-4.

We describe the four sub-matrices that form the t.p.m.

_ TIdle%Idle TIdle%Busy
T= . 4)
TBusy%Idle TBusy—)Busy

(D) Tige—141e- In this situation, the number of customers waiting in queue is less than a.
Assume that there are k; servers idle at the beginning of the inter-arrival time period,
and k]- servers idle at the end of the inter-arrival time period, 1 < k; < k]- <ec.

(Tt api41)] = [k = ki) (e = k)] f0o<i<a—-1lj=i+1,

.y . ®)
[T(I(k,-),afl),(l(k[),(])] = [(k] — ki -+ 1)|(C - k,‘ + 1)] ifi=a— 1,] =0.

(Tisiinisin) = {
(II)  Tusy—1dre- All the servers are busy at the beginning of the period, and k(1 < k < c)
servers are idle at the end of the period, implying that the number of customers in
the queue, say j, at the end of the period, must be less than a4, i.e., j < 4. In a manner
similar to what we define for n = gb 4 19,0 < ny < b — 1, we need to arrange i
customers who are waiting in queue, with FCFS discipline, into g full-size batches

and a batch holding the remainders, i.e., i = gb +ip, 0 <ip < b —1.

(T(8,i),(1(k),i+1)] = [Kle] f0<i<a—1j=i+1,
(T(s,ins00) = T8 gotio), (1k)io+1)] = {kleiq}  if0<ig<a—-1q9>1j=ip+1, (6)
(T(Bgb+io),(1(k),0)] = {kle;q+1} ifa—-1<ip<b-1,42>0,j=0.

() Tidre—Busy- The system is idle at the beginning of the time period. After one customer
arrives, all the servers become busy and are still busy at the end of the time period.
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This case appears only if the number of customers waiting in queue is 2 — 1, and there
is only one server idle at the beginning of the time period.

(T11),a-1),B0y] = [0lc] ifi=j—1,j=0,
[T( zri)(]rj)]:{ (I(1),a-1),(B,0) ?)

(Tr(k,),i),8,)) =0 otherwise.

(V) Tpusy—Busy- All the servers are busy from the beginning to the end of the period, and
the number of batches served in time ¢ follows the Poisson process with rate cp.

i=qb+ip,j=(q-1)b+1, ®)

[T(B.gb+in),(B,(g—D)b+ig+1)] = (Ile) if0<ip <b—-1,0<1<q,
(Tsiins] =
(T(B,gb+ip),80)] = (g +1]c) ifa—1<ipy<b—-1andj=0,q9>0.

Finally, [T(S,«,i),(sj,j)] = 0if j > i + 1 is true for all of the above I-IV cases. By using
identities 1 and 2, it can be easily proven that the sum of all the entries in t.p.m. equals one.

Identity 1. Y5, {I|c;q} + ¥, (i|c) = 1 for q > 0. This equation shows that the sum of all the
conditional probabilities in each row of t.p.m. (when the initial system state is busy) equals one.

Proof.
— (t—v)y l(,—(t=v)u el (C.u)(cyv)qileic’w
Sttea) = [ [ (§) ettt (N duaa
) (Cﬂ)(cw)q‘le‘w
_/ / u(t— =T dvd A(t)
‘1 1p—cuv q 1p—cut
- / / (cp) C’“’ dod A(t / / (cp) C’“’ dod A(t).
Term 1 Term 2

“Term 1” in the above equation can be simplified as 1 — Zq_l (i|c) by using the results that the
CDF of Erlang is 1 — Zq 1 C"t) " and ( o) = [o° (C’”) dA( ). “Term 2” can be simplified to

"
(g]c). Combining these two terms gives Z {ll;q} =1-% (ilc). O
i=0
Identity 2. Y7 [(i —m)|(c —m)] = 1,0 < m < c. This equation shows that, when the initial
system state is idle, the sum of all the conditional probabilities in each row of t.p.m. equals one.

Proof. Y i [(' m)|(C—m)]
_fo z m 1 m (1—6 Vt)l m(e yt)c ldA()
= I dA(
O
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Table 1. Submatrix Tz, 14/e-

(I(c),0)

(I(e),1)

(I(c),a—1)

(I(c—1),0)

(I(c—=1),1)

(I(c—1),a—1)

(1(2),a—1)

(1(1),1)---

(I(1),a—1)

[0[0]

[010]

[111]

[011]

1]

[011]

[111]

[011]

[212]

2]

[(c-2)1(c-2)]

[(c-1)1(c-2)]

[01(c-2)]

(1(2),a-2)

[(c-2) 1 (c-2)]

[[c-31c-2]

[01(c-2)]

(I1(2),a-1)

[(e-1) I (c-1)]

[(@2)le-1)]

[11(c-1)]

[01(c-1)]

(1(1),0)

[(c-1) 1 (c-1)]

[(c-2)1(c-1)]

[11(c-1)]

[01(c-D)]

(I(1),a-2)

[(e-1) 1 (c-1)]

[(c-2) 1 (c-1)]

[11(c-1)]

[01(c-D)]

(I(1),a—1)

[clc]

[(c-1)c]

[21¢]

[11c]
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Table 2. Submatrix Tpsy— fdle-

(S, m) (1((c),0) | (I((c),1) (I{c),a—1) | (I(c—=1),0) | (I(c—1),1) (I(c=1),a-1) (I(2),0) | (1(2),1) (I(2),a—=1) | (I(1),0) | (I(1),1)--- | I((1),a—1)
(B,0) [clc] [(c-1)1c] [21c] [11c]
(B,a—2) [clc] [(c-1)I¢] [21c] [11c]
(B,a—1) {clc;1} {(c-1) I c;1} {21¢c;1} {11c;1}
(B,b—1) {clc1} {(c-1)1¢c;1} {21c;1} {11c;1}
(B,b) {clc1} {(c-1) 11} {21¢;1} {11c;1}
(B,b+a—2) {clc1} {(c-1) 1 c;1} {21¢;1} {11¢c;1}
(B,b+a—1) {clc;2} {(c-1) I ¢;2} {21¢;2} {11¢;2}
(B,2b—1) {clc;2} {(c-1) I ¢;2} {21¢;2} {11¢;2}
(B,2b) {clc;2) {(c-1)1¢;2} (21¢;2} {11¢;2}
(B, (g —1)b) {clcq-1} {(c-1) 1 ¢;q-1} {21¢q-1} {11¢q-1}
(B,(g—1)b+a—2) {clcg-1) {(c-1) I ¢;q-1} {21¢q-1}] {11¢q-1}
(B,(g—=1)b+a—1) | {clcq} {(c-D) I c;q) 21¢q} {11cq}
(B,gb—1) {clcq) {(c-1) I c;q} 21¢cq) {11cq)
(B, qb) {clcq) {(c-1) I c;q} {21¢ql {llcq}
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Table 3. Submatrix Tpgysy— Busy-

(Sn, 1) (B,0) | (B,1) (B,2) | --- | (B,a) - | (B/D)
(B,0) (Olc)

(B,1) 0lc)

(B,a—2)

(B,a—1) (1l (0lc)

(B,b—1) (11¢) Olc)
(B,b) (11c)

(B,b+a—2)

(B,b+a—1) @lc)

(B,2b—1) @1c)

(B,2b) 21¢)

(B, (g —1)b) (g-D o)

(B,(g—1)b+a—2)

(B, (q—1b+a—-1) | (qlo) ((g-1 1)

(B,gb—1) (qlo) (CRU)
(B, qb) (qlo)

Since the Markov chain under consideration is irreducible, positive recurrent and
aperiodic, it has a limiting distribution if and only if p = A/bcy < 1. In view of this,
rlgrglo P(J, = (Su,n)) = X(Su,n) exists. In this case, the limiting distribution is given by
X = XT where T is t.p.m. defined in (4), and the vector X has the form

X = [X(I(c),0),--- ,X(I(c),a —1),---,X(I(1),0),---, ©)
X(I(1),a—1),X(B,0),---X(B,1),---],

where X(I(k),n),0 < n < aand X(B,n),n > 0, respectively, denote the p.a.e. unnormal-
ized probabilities that an arriving customer sees #n customers in queue, k of c servers idle,
and n customers in queue, with all servers busy. If such a vector X exists, it will be the
vector of the steady state p.a.e. probabilities up to some normalizing constant.
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Table 4. Submatrix Tygje; pusy-

(Su, 1) (B,0) | (B1) |- (Ba—1) | - (B,b)
(1(c),0)

(1(2),a-2)
(1(2),a—1)

(1(1),0)

(I(1),a-2)
(I(1),a—1) [01c]

4. Queue-Length Distributions at Pre-Arrival Epoch
4.1. The Busy Server Probabilities

When all the servers are busy during an inter-arrival time period, for the queueing
model GI/M®? /¢, the service times for batches are i.i.d.r.v.’ s, having exponential distribu-
tions. Thus, the number of batches that complete service during an arbitrary inter-arrival
time will have a Poisson distribution, which implies that the probability of I service comple-
tions during an inter-arrival time A is (I|c), and the probability generating function (p.g.f.)

of (I]c) is
; a(cp(l - z)), (10)

where 4(«) is the Laplace-Stieltjes transform (L.-S.T.) of A(t),i.e., a(a) = [~ exp(—at)dA(t)
and

Ko = a(cp) = '/0°° exp(—cut)dA(f). (1)

Theorem 1. For the queueing system GI/M®Y/c, in the steady state case, the busy-server probabili-
ties of queue length at pre-arrival epoch are given by P~ (B, n) = X(B,n)/Cy =w"/Cn,n >0,
where w is a real root inside the unit circle of equation D(z%) = z = a(cu(1 —2¥)) and Cy is a
normalizing constant given by Cy = Y51 Y7~ LX(1(j), 1) +

Proof. When the system is busy and n customers are waiting in the queue, it is evident
from t.p.m. that

X(B,n) = Z(]l) (B,jb+n—1), n>0. (12)
]:

To solve the difference Equation (12), in the same manner as by Chaudhry and
Madill [5], a solution of the form X(B,n) = z" (z # 0),n > 1 is assumed. For more
details on this method, one may see Chaudhry and Templeton ( [14], page 350). Substitut-
ing X(B, n) = z" into Equation (12), we have
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(jloz" =2""1D(2). (13)

Mg

M — szh+n71<j|c) — N

j=0 j=0

Combining this with Equation (10), and simplifying, we obtain the root equation
D(z') =z = a(cp(1 —2)). (14)

By Rouché’s theorern, it can be shown that Equation (14) has a real root w inside the
unit circle if p = bcy < 1. Once the root w is found, X(B,1), X(B,2),- - - can be obtained by
using X(B,n) = w",n > 1.

Next, we can solve for X(B,0) from Equation (12) by settingn =1,

X(B,1) =w= L, (1X(3, 1),
i=
implying
w = (0]c)X(B,0) + (1|e)w” + (2]c)w? 4 --- = D(w"). (15)

Combining (10), (14), and (15), we conclude X(B,0) = 1. This implies that the
assumption X(B,n) = z" is true even for n = 0.

Finally, P~ (B, n) can be obtained as the normalized X(B, ) by dividing a normalizing
constant Cy (see Equations (23) and (24)). O

4.2. The Idle Server Probabilities

The idle server unnormalized probabilities X(I(c),0),- -, X(I(c),a—1),---,X(1(1),0),
-,X(I(1),a — 1) can be obtained by c x a linear equations generated from the t.p.m.
In fact, there are “c x a 4+ 1” equations, with (as usual) one being redundant.
These “c X a + 1” equations are

[e9)

X(B,0) =X(I(1),a—1)[0]c] E i ,i—-1b+1-1), (16)

i=1 l=a

k
X(I(k),j) = 3 X(I(m),j—=1)[(k —m)|(c —m)] + X(B,j — 1) [K|c]+

m=1
iX(B,ib +j—1){k|c;i}, (17)
i=1
and
k+1
X(I(k),0) = 2 X(I(m),a—1D[(k—m+1)|(c—m+1)]+
m=1
2{k|cz}ZX (i—1)b+1-1), (18)

wherel1 <j<a—-1,1<k<cand X(I(c+1),a—1)=0.
Remark 2. The ¢ X a idle server unknown probabilities (unnormalized)
[X(1(c),0),-- -, X(I(c),a = 1), -, X(I(1),0), -, X(I(1),a = 1)]

can be obtained simultaneously by using the above ¢ x a equations. However, large values of ¢ or a
may cause a computational problem, since the last terms in both Equations (17) and (18) are infinite
series related to complex double integrals {k|c;i} (defined in Equation (2)). In general, when we
operate on an infinite series without a closed form, the series has to be truncated. Therefore, the
result is approximated as we lose the tails due to this truncation. To fix these problems, we want to
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simplify Equations (17) and (18) by deriving a closed form for these series. Before we move on, we
need to prove the following two lemmas.

Lemma 1. The last term in Equation (16)

i Z (i=1)b+1-1) = T (w - Ko).

Proof.
) b
Y (ile) Y X(B,(i—1)b+1—1)
i=1 I=a
0 b—a 1 — gb—a+1 @ )
_ wafbfl Z (Z‘C) Z wlb+k — wafbfl T 2 (i|C)wlb
i=1 k=0 i=1
1= waqul wufbfl -1
=w'? 1ﬁ(D(wb)—Ko): T (w — Ko)

by using (0|c) = Ko, and Equation (13). [

Lemma 2. Define J(k) = Y2, w' {k|c; i}, and

—cyw/ /(> tv)”)k(e*(tﬂ’)”)C*kefcyv(lfwb)dvdA(t). (19)

Proof.

Z w' {k|c;i}
—cpv

szh/ /(Ii) )V)k(e—(t—v)u)c—k%mdﬂt)
-

—/ /()lfe SOy (et Ckz Ll)!edvdA(t)

0 by\i—1,—cpvw®
—au [7 [ () (1 — -0y (g (=0l ek pmept—u) (CW“’({)A;‘ dodA(t).
i=1 ’

=1, Poisson p.m.f

O

Theorem 2. For the queueing system GI/M®Y/c, in the steady state case, the idle server probabili-
ties of queue length at the pre-arrival epoch are given by P~ (I(k),n) = X(I( ) n)/Cn,0<mn <

a—1,1 < k < ¢, where Cy is a normalizing constant given by Cyy = Y.°_; Y2~} X(1(j), i) + 125
and X (I(k), n) satisfy the following equations:
1

(i) X(I(1),a—1) = (1 —w" " + Kow P71 — Ky), (20)

(1—w)Ko

k .
(i) X(I(k),j) = le(l(m)/]'—1)[(k—m)|(c—m)] +w (K] +J(R),1<j<a—1 (21)

k+1 wﬂ—b—l -1
(i) X(1(k),0) = Y, X(1(m),a~ 1)[(k—m+1)|(c—m+1)] + T

m=1

J(k).  (22)

Proof. (i) Using Lemma 1 and [0|c] = K, we can rewrite Equation (16) and directly solve
for X(I(1),a —1).
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(ii) and (iii) Using Theorem 1, replacing X(B,j — 1) by w/~1, X(B,ib +j — 1) by w®*i—1,
and X(B, (i —1)b + 1 — 1) by wl=Vb+=1 then applying the result of Lemma 2, we can
rewrite Equations (17) and (18) as Equations (21) and (22), respectively.

We first solved X(I(1),a — 1) using Equation (20), and then solved other idle server
probabilities recursively by using Equations (21) and (22). For more details on this, see the
algorithm developed in Appendix A. O

Finally, we obtained all queue-length probabilities, and needed to normalize the vector

X =[X(I(c),0),- -, X(I(c),a = 1),--- ,X(I(1),0),---,
X(I(1),a — 1), X(B,0), - - X(B,1),---].

by dividing a normalizing constant Cy;, which is given by

S i AL = S 1
Cn =) Y XU(), i)+ L X(B,i) =3 Y XUG) D)+ . (23)
j=1i=0 i=0 j=1i=0
Define P~ as the vector of normalized p.a.e. such that
X
P =— 24
e 4

Further, P~ (I(k),n) and P~ (B, n), respectively, are normalized p.a.e. probabilities and
represent that k of the ¢ servers are idle, 0 < n < a — 1, and all servers are busy, n > 0.

4.3. Special Cases

4.3.1. Single-Server Probabilities for GI/M* b/q
The system GI/M*t/1isa special case of GI/M*Y/c when ¢ = 1.

(A) When ¢ = 1, the root Equation (14) is simplified to D(z) = z = a(u(1 — z)), which
agrees with the root equation in the work by Chaudhry and Madill [5]; consequently,
the same results of X(B,0),---,X(B,1),---,X(B, M) can be obtained. '

(B) Moreover, k =m =c=1,[0[0] = 1,[1|1] = 1—[0]1] = 1 — Koy, and =3°; w? {1|1;i} =

1 ) (w? — w4+ (1 —w?)Ky). Equation (21) can be simplified to

(1—w?

X(I(1),/) = X(I(1),j —1) + w1 (1 - Ko+ (11wb)(wb —w+ (1—w")Kyp))
= X(I(1),j—1) + @} 11:;‘;.

This agrees with the equation in Chaudhry and Madill [5] for solving the idle server
probabilities.

4.3.2. Multi-Server Queueing System GI/ MP/c

The system GI/M? /c is a special case of GI/M*? /c when a = 1.

In GI/M? /¢, the system is idle only if there is no customer waiting in queue. Instead
of evaluating the queue-length distributions, Chaudhry and Templeton [14] consider the
distribution for the number of customers in the system for GI/M" /¢ without considering
the server being busy or idle. The numerical results for the system GI/M?"/c are also
not available. We can see that our model includes this model as a special case, it not
only produces the numerical solutions for the queue-length distributions, but also the
information of the server utilization.

5. Queue-Length Distributions at Random Epoch

We are now interested in knowing the probability that the system will be in a given
state at a random epoch (re.) in time. A random epoch is said to occur at the end of
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a random period of time, R, since the last p.a.e. From renewal theory, the probability
associated with R, dR(t) is given by dR(t) = A(1 — A(t))dt,t > 0 (see Chaudhry and
Templeton [14]). Proceeding in a manner directly analogous to that used for developing
(Ilc), [I|m] and {I|c; q}, where the services are considered during the inter-arrival time A
(see Equations (1)—(3)), (I|c)r, [I|m]r and {I|c;q}r are defined as the probabilities that such
services take place during time R. The p.g.f. of (I|c)r (see proof in Appendix B) is

Dr(z) = ¥ (le)ge! = 22211~ a(ep(1 ), @5)
1=0
and -
(Ole)x = [0lclr = A [~ exp(—cut) (1= A())dt = pb(1 = Ko). (26)

Similar to the definition for the p.a.e probability vector P~ in Equation (24), we define
P as the vector of the r.e. probabilities, such that

P =[P(I(c),0),---,P(I(c),a—1),---,P(I(1),0),---,P(I(1),a— 1), P(B,0),--- P(B,1),-- -],

where P(I(k),n),0 < n < aand P(B,n),n > 0, respectively, denote the r.e. probabilities
that, at the end of a random period of time R after arrival, k of the c servers are idle,
0 < n < a—1 customers are in the queue , and all servers are busy, n > 0 customers
are in the queue. The forms of the t.p.m. T in Tables 1-4 contain all of the information
required on transitions within the queueing system in a period measured from the last p.a.e.
The nature of the entries in the t.p.m. serve to indicate the probabilities associated with
the transitions. Thus, if the limiting distribution is P~ = P~T when the timeframe is the
inter-arrival time, A, instead of the entries (I|c), [I|m] and {I|c; q}, the entries (I|c)g, [I|m]r
and {I|c; q} g are used with the timeframe, R, and P = P~ Tg, where the newly formed t.p.m.
TR describes how the steady-state p.a.e. probabilities are transformed into steady-state
probabilities for the system at a random epoch after the last p.a.e.

Remark 3. Similar to those in the p.a.e. systems, it can be proven that the following three equations
still hold for the case of r.e. systems:

e [0|cJr = (0]c)r = pb(1 — Ky) (see Equation (26));

* Y {llgqir +Z?:o (ilc)r = 1forq > 0; and
.« T lEmlc-mlr=10<m=<c

Thus, the sum of entries in each row of t.p.m. TR equals one.

5.1. The Busy-Server Probabilities

The busy-server r.e. probabilities P(B,n),n > 0 can be calculated in a similar manner
as the queue-length distributions at the pre-arrival epoch described in Section 4.1. Here, we
derive the closed-form busy-server probability distribution of the queue length at a random
epoch. The probabilities P(B,n),n > 0 can be obtained using Equations (27) and (28)
(see below). Since both are in terms of the root w, the calculations become extremely
simple. The key idea to derive these two equations is based on the relations between two
probabilities: P(B,n) and P~ (B,n),n > 0.

Theorem 3. For the queueing system GI/M™"/c, in the steady state case, the busy-server probabili-

ties of the queue length at the random epoch are given by

@ B = LB s

1—wb
.. _ n— b a—b—1__
(i) P(B,0) = 755((1{5)0}(0 (1—w' )+ B2 éz’(l_w,,)”.

Proof. (i) At the end of a random period of time R after arrival, if all servers are busy and
the waiting line is not empty (n > 0), then the sizes for those batches that were taken into



Mathematics 2022, 10, 3445 14 of 22

service during time R must be maximum (= b, full batch size). Since the queue length at a
pre-arrival epoch will be n — 1 4 mb, m > 0, it leads to r.e. probabilities as

agk

P(B,n) = (m|c)rP~(B,mb+mn—1),n > 0.

m=0

By using the fact that P~ (B, n) = w", and Equations (14) and (25), we have

P i mb+n—1
"= (27)
n—1
_ P(—ﬁv, 00,

Cn 1—wb

(ii) In this situation, the queue length is empty at a random time while all the servers
are busy, then the size for the last batch into service can be any number between [4, b],
and the servers at the moment when the last customer arrives are either all busy or one
idle. Combining all of these possibilities, using Equation (20) and the following equation

0 b w1 _ 1| > .
Y (le)r Y. P (B (i—1)b+j—1) = on(—w) [Z (ilc)rw™ — (0l¢)r

i=1 ]:a i=0

_ b1 _)1 <pb(1 —w) ob(1 — KO))’

Cn(l—w 1—wh

P(B,0) can be expressed as

P(B,0)

= (0|c)gP(I(1),a—1) i

Mw

“(B,(i—1)b+j—1)

-
Il
2

b (28)
pb(1 - Ko) a—b a—b—1 w1 pb(1—w)
=——(1- K - K —pb(1 - K
pb(1 — Ko) pb(w* 1 —1)

= ook Y A
O
At the end of a random period of time R after arrival, if all servers are busy, the queue

length n (n > 0) distribution can be evaluated by using Equations (27) and (28). In this
case, both the results are in closed-form in terms of the root w.

5.2. The Idle Server Probabilities

Corollary 1. The idle server r.e. probabilities P(I1(k),n),0 < n < a can be obtained by using
Theorem 2. The Equations (30) and (31) (see below) are modified from Equations (21) and (22)
in Theorem 2 by replacing the term(l|m] with [I|m]g, and normalizing the probabilities from
X(I(m),j—1)toP~(I(m),j—1),1 < j < a. Moreover, we redefine Jg (k) as

Zwlb{k\c i}R
—c)\yw (/ / ( ) —(t— v)y) (e (tfv)y)cfkefcyv(lfwb)(1_A(t))dvdt> (29)
k+1 wufbfl -1
Then, P(I ZP m),a—1)[k—m+1lc—m+1]g + - Jr(k), (30)
k .
P(I(k),j) = 3 P~ (I(m),j = 1)[k — mlc — m]g + =" ([klc] + Jr (K)), (31)

m=1
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where1<j<a—1,1<k<c¢, P (I(c+1),a—1)=0.

5.3. The Special Case: E;/M" b/e Queue

The system E,7 /M*Y/1isa special case of GI/M™ b /¢ when the inter-arrival time is
Erlang (with # phase)-distributed. Then the root Equation (14) can be simplified to

<17pb >77—z—0
npb+1—zb o

(/\’7)1] p1—1p—Ant
(1!
tions for both busy and idle servers by using the algorithm introduced in Appendix A.

Then the r.e. probability distributions can be obtained by using Equations (27)—(31).

Sim [10] solved the 7-phase Erlangian arrivals system E, /M*"/c only for the prob-
abilities at r.e. and discussed the results in the context of transportation systems. Our
algorithms can not only solve the systems with general inter-arrival time distributions,
but also provide the solutions at different epochs. Our numerical results agree with those
provided by Sim [10].

By replacing dA(t) with dt, we can calculate p.a.e. probability distribu-

6. Queue-Length Distributions at Post-Departure Epoch

In this section, we derive the probabilities for the state of the system immediately after
a real service completion takes place. It was assumed that no time elapsed after the server
completed a batch before accepting a quorum-complete batch from the queue. Thus, the
post-departure epoch (p.d.e.) occurred immediately after a server had either reduced the
queue or became idle.

To find the p.d.e. probabilities, we need to first define an epoch—a pre-service comple-
tion epoch (p.s.e.), i.e., the instant in the time immediately before a real departure occurs
(before a real service completes). Then, PS-(I(k),n) and P5-(B,n),n > 0,1 < k < c, respec-
tively, are defined as the probabilities at p.s.e., when there are n customers in queue, k of ¢
servers idle, and 1 customers in queue, all servers busy. It is apparent that P~ (I(c),n) = 0
for any n.

Similarly, we define P*(I(k),n),0 < n < a,1 < k < cand P*(B,n),n > 0, as the
probabilities of the queue length at a p.d.e.

Conjecture 1. The following relationships between p.d.e. and p.s.e. probabilities apply

P*(I(k),n) = PS-(I(k—1),n), 0<n<a-12<k<c

(32)
P*(I(1),n) = P5-(B,n), 0<n<a-1,

and

P*(B,n) = PS-(B,n+b), n>1,

= i PS-(B,n).

(33)

Corollary 2. P5-(I(k),n),0 < n <a, 1 <k < cand P> (B,n),n > 0 satisfy the following
equations:

P(I(k),n)

1- Y07 P(I(c), i)
P(B,n)

1— Y3 P(I(c), i)

PS-(I(k),n) =

0<n<a—-1,1<k<c—-1,
(34)

PS-(B,n) = n>0.

4 -
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Proof. When the service time distribution is exponential, service completions, real or
potential, occur at random epochs. The probabilities, PS—(I (k),n),0<n<a 1<k<c
and P5-(B,n),n > 0 can be found by conditioning the r.e. probabilities to ensure that at
least one server is busy. Thus, using the results of r.e. probabilities given in Theorem 3, we
can obtain p.d.e. probabilities for both busy and idle servers from Equations (32)-(34). O

Remark 4.

(i)  When we set ¢ = 1, these probabilities agree with those of Chaudhry and Madill [5] for the
system GI/M™Y/1.,
(i)  As a check on the algebra, also useful as a computational check, we note that, using (32)—(34),

¢ a-1 o0 Y1 Ximg P(I(k),j) + T2 P(B,j
Y5 P, )+ 5 P (B, ) = (a(l)]) 0 P(B,])
k=1j=0 j=0 1-Yi5 PUI(e), 1)

P
_ 1Y P(I(e)i)
C1-X 1 P(I(c),i)

as it should be.

7. Numerical Results

In this section, we present some numerical results for various inter-arrival time distri-
butions such as 77-phase Erlang (E;), deterministic (D), and uniform (U). All the examples
we considered have the same mean value of the inter-arrival time E(A) = 1/A. The root
equation (see Equation (14)), probability density functions (p.d.f.) of inter-arrival time
A, and p.d.f. of a random period time R for these three distributions are summarized in
Table 5.

Table 5. Root Equations, p.d.f.s of A(t),
and U/M*? /¢,

R(t), and mean value of of A(t) for E,/M*?/c, D/M*t/c

Inter-arrival time
distributions Root Equations (Equation (14)) p-d.f. of A(¥) p-d.f. of R(¥) E(A)
b N1, - .
y-phase Exlang (qpb+1—zb) z=0 (Aq)ltl(ﬂl_mlxr);!(—/\qt) AZ )u1t exp( Ant) 1/A
Deterministic exp(—L=2) —z=0 S(t—1/A) Aif r<y 1/A
p ob 0,if t> 1
lf t < tl
M X [exp(qcu(1 — 142 A tH<t<ty t =
_ geu(1—20) PApcH o+ oif ok 2 b=
Uniform 29)/2)- exp(—geu(1 —20))/2] —z = 1/¢ 0, zf t>t2 1/A
0, ¢ =ty —1ty, istheinterval width % % ty = X + %

Besides the calculations for the queue-length probabilities at the pre-arrival, random, and
post-departure epochs for both idle and busy systems, we also considered the performance
measures, such as the mean (denoted as LQ¢) and the standard deviations (denoted as SDLQF)
of the queue length; the mean (denoted as E°[I(k)]) and variance (denoted as Var®[I(k)] ) of
the idle servers. The symbol “e” denotes the epoch state, which can be pre-arrival (e = “-”),
random (e = “”), or post-departure (e = “+”). We define PB® = Y ;° , P*(B, n) as the probablhty
that an arriving customer sees the system busy at e epoch, and PI¢ = Y*_1 Y¢ | P¢(I(k), n) is
the probability that the system is idle at e epoch. The probabilities of the queue length at three
different epochs are presented in closed form. Since most of these probabilities are irrational,

for computational purposes, we need to set the precision €. Throughout all computations in
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the following examples, we use e = 1072 as the precision. Due to the rounding error, the sum
of the probabilities may not be one.

The results of the Eq/M>10/5 queue with traffic intensities p = 0.1, 0.5, 0.9 for both
busy and idle servers at pre-arrival epoch are presented in Tables 6 and 7, respectively.
When we set the number of servers to 1, our results match with those obtained for
E¢/M>10/1 by Chaudhry et al. [5].

We considered three systems E¢/ M#10 /5 D/M%10 /5 and U/M*10/5 (t; = 0.875/A,
ty =1.125/A, ¢ = 0.25/A). All three systems have the same mean value of inter-arrival time
E(A) =1/A. In Table 8, we present the performance measures for these three systems for
idle servers at three different epochs with varied a = 1,4,7 and p = 0.1,0.5,0.9. In Figure 1,
we compare the performance of D/M*10/5 for busy servers at pre-arrival epochs with
p = 0.1,0.3,0.5,0.7 and 0.9. In Figure 2, we compare the performance of U/ M0 /5 for
busy servers at pre-arrival epochs witha = 1,4,7.

Table 6. Distribution of queue lengths at pre-arrival epochs for the busy system Eq/M>10/5,
p =0.1,05,09,¢=10"%.

N P~ (B,n)
=01 =05 0=09

0 1.12 x 107> 0.0715625 0.0198544

1 445 x 106 0.0612334 0.0194400

2 1.76 x 107° 0.0523951 0.0190343

3 7.00 x 10~7 0.0448325 0.0186371

4 2.77 x 1077 0.0383615 0.0182481

5 1.10 x 107 0.0328244 0.0178673

10 1.08 x 107° 0.015056 0.0160790
50 9.28 x 10726 295 x 107> 0.0069163
296 : 6.55 x 10722 3.86 x 107>
2184 : : 1.96 x 10~22
PB~ 0.0000186 0.4957989 0.9513294
PI~ 0.9999815 0.5042011 0.0486706
SUM 1.0000001 1.0000000 1.0000000
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Table 7. Distribution of queue lengths at the pre-arrival epochs for the idle system Eq/M>10/5,
p=01,0509,e=10"2.

n
p=09 Probabilities of k servers idle
0 1 2 3 4
1 0.0045133 0.0062023 0.0077054 0.0090392 0.0102190 0.0376792
2 0.0008471 0.0012652 0.0017914 0.0024039 0.0030832 0.0093908
I(k) 3 0.0000996 0.0001656 0.0002602 0.0003883 0.0005533 0.0014670
4 0.0000058 0.0000116 0.0000210 0.0000351 0.0000554 0.0001289
5 0.0000001 30.0000003 0.0000007 0.0000013 0.0000023 0.0000047
#in queue 0.0054659 0.0076450 0.0097787 0.0118678 0.0139132 SUM.: 0.0486706
n
p =05 Probabilities of k servers idle
0 1 2 3 4
1 0.0476528 0.0526108 0.0551242 0.0557986 0.0551149 0.2663013
2 0.0231853 0.0281785 0.0331282 0.0377295 0.0417906 0.1640121
I(k) 3 0.0064926 0.0089895 0.0118683 0.0150732 0.0185253 0.0609489
4 0.0008326 0.0014196 0.0021965 0.0031834 0.0043942 0.0120263
5 0.0000258 0.0000722 0.0001465 0.0002567 0.0004115 0.0009126
#in queue 0.0781891 0.0912706 0.1024636 0.1120414 0.1202365 SUM.: 0.5042011
n
p=01 Probabilities of k servers idle
0 1 2 3 4
1 0.0005343 0.0002563 0.0001226 0.0000585 0.0000279 0.0009995
2 0.009807 0.0057356 0.0033333 0.0019273 0.0011097 0.0219129
I(k) 3 0.0620315 0.0455535 0.0329312 0.0235189 0.0166373 0.1806724
4 0.1067216 0.1061743 0.1006805 0.0923661 0.0827349 0.4886774
5 0.0208943 0.0422757 0.0629306 0.0821285 0.0994901 0.0009996
#in queue 0.1999887 0.1999954 0.1999982 0.1999993 0.1999999 SUM: 0.9999815
— = () O — ()] — ()5 p=0.3 we— (] |
0.09
0.08 4
0.07 4
0.06
Probabilities
0.05 5
0.04
0.03
0.02
0.01
0 T T T

0 20 40 &0 80 100
Queue Length

Figure 1. Comparison of performance measures of D/ M*10/5 for busy servers, p =0.1,0.3,0.5, 0.7,
0.9,e=10"20,
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Table 8. Comparison of performance measures of E¢/M?10/5 D/M%10/5 and U/M*10 /5 for idle servers, a =1, 4, 7, p=01,05,09,¢e= 1020,

0 a PI- Lo SDLQ- | E-[I(k)] PI Lo SDLQ E[I(k)] PI* L} SDLQ* | E*[I(k)]

1 05918 0.2683 0.7409 1.0643 0.4824 0.4082 0.8821 0.8093 0.7533 0.0000 0.0095 1.5576

0.1 4 0.9998 1.5000 1.1181 3.8502 0.9997 1.5000 1.1181 3.7500 1.0000 1.3564 1.1081 4.4644

7 1.0000 3.0000 2.0000 43430 1.0000 3.0000 2.0000 42857 1.0000 23522 1.9248 4.8083

1 0.0205 5.8067 6.3981 0.0223 0.0107 6.2025 6.4242 0.0115 0.1047 1.3049 3.8825 0.1163

E6/M*10/5 0.5 4 0.3396 4.4994 5.6122 0.4972 0.3140 47317 5.7188 0.4523 0.6218 1.8572 3.1865 1.0733
7 0.7796 3.7588 3.6688 1.6043 0.7670 3.8177 3.7469 1.5536 0.9205 3.0814 2.5287 24557

1 0.0015 46.8450 | 47.4120 0.0016 0.0007 | 472590 | 47.4150 0.0008 0.0137 382720 | 465250 0.0145

0.9 4 0.0285 45.6330 | 47.3290 0.0340 0.0249 46.0310 | 47.3480 0.0295 0.0991 37.4040 | 46.1810 0.1287

7 0.1149 419250 | 46.7130 0.1636 0.1093 422760 | 46.7680 0.1543 0.2295 34.6680 | 44.9320 0.3837

1 0.6002 0.2327 0.6704 1.0461 0.4601 0.3998 0.8399 0.7354 0.7471 0.0000 0.0063 1.4800

0.1 4 0.9999 1.5000 1.1180 3.8708 0.9998 1.5000 1.1800 3.7500 1.0000 1.3556 1.1077 4.4753

7 1.0000 3.0000 2.0000 43548 1.0000 3.0000 2.0000 42857 1.0000 23415 1.9220 4.8142

1 0.0182 5.6832 6.2591 0.0194 0.0076 6.1610 6.2870 0.0080 0.0924 1.2518 3.7652 0.1004

D/M?10/5 0.5 4 0.3390 44119 5.4834 0.4914 0.3076 4.6909 5.6106 0.4374 0.6211 1.8256 3.0937 1.0579
7 0.7842 3.7155 35716 1.6102 0.7690 3.7841 3.6631 1.5491 0.9229 3.0714 2.4851 2.4549

1 0.0013 45.0490 | 46.6060 0.0014 0.0005 465470 | 46.6100 0.0005 0.0120 375580 | 45.7220 0.0125

0.9 4 0.0280 44.8720 | 465260 0.0331 00237 | 453500 | 46.5470 0.0278 0.0983 367210 | 453830 0.1261

7 0.1151 412030 | 45.9100 0.1630 0.1083 41.6240 | 459770 0.1518 0.2302 340240 | 44.1370 0.3819

1 0.6000 0.2338 0.6726 1.0468 0.4608 0.4001 0.8412 0.7378 0.7473 0.0000 0.0064 1.4825

0.1 4 0.9999 1.5000 1.1180 3.8702 0.9998 1.5000 1.1180 3.7500 1.0000 1.3557 1.1077 4.4799

7 1.0000 3.0000 2.0000 4.3544 1.0000 3.0000 2.0000 4.2857 1.0000 23419 1.9221 4.8140

1 0.0182 5.6870 6.2634 0.0195 0.0076 6.1623 6.2913 0.0081 0.0928 1.2535 3.7689 0.1001

U/M*10/5 0.5 4 0.3390 44117 5.4874 0.4916 0.3079 4.6921 5.6140 0.4378 0.6211 1.8266 3.0966 1.0584
7 0.7840 3.7168 3.5746 1.6100 0.7690 3.7852 3.6657 1.5492 0.9229 3.0717 2.4865 2.4549

1 0.0013 46.0740 | 46.6320 0.0014 0.0005 465690 | 46.6350 0.0005 0.0120 375810 | 45.7480 0.0125

0.9 4 0.0280 44.8960 | 46.5500 0.0332 0.0238 453720 | 465720 0.0279 0.0983 36.7420 | 45.4080 0.1262

7 0.1151 412260 | 459350 0.1631 0.1083 41.6440 | 46.0020 0.1519 0.2302 340450 | 44.1620 0.3819
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Queue Length

Figure 2. Comparison of performance measures of U/ M0 /5 for busy servers,a=1,4,7,0=0.5,
e=10"20,

8. Conclusions

The queue GI/M*? /¢ was successfully investigated by using the two-dimensional em-
bedded Markov chain. Simple and exact analyses to determine queue-length distributions
are presented. An algorithm was derived for the analysis of the steady state behaviour of
the system. Our recursive solution approach is not only very efficient, but also accurate by
providing the exact queue-length probabilities at p.a.e. In a similar manner, we studied
the queue-length distribution at r.e. and derived closed-form formulae in terms of the root
w for evaluating the exact queue-length probabilities at r.e. We also obtained the proba-
bilities of p.d.e. through the relations between r.e. and p.d.e. The results for this system
were provided numerically by considering three inter-arrival time distributions—Erlang,
deterministic, and uniform. The work on higher order moments and other distributions
can be conducted similarly.

There are two special features in this work. The first is the effort to express the
important results in closed form; the second is the development of the methodology and
algorithms to efficiently derive accurate results. The models under consideration were
validated by using MAPLE to obtain numerical results with sufficient accuracy and trivial
computational costs.
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Appendix A. Algorithm for Calculating p.a.e. Probabilities

The method for determining the complete solution to the stationary queue-length
probabilities at p.a.e. for the model GI/M*? /¢ is described in the following steps:

1. Find the unique real root w inside the unit circle of Equation (14).

2. X(B,n)=w",n>0.Let k=1.

3. Calculate X(I(1),a — 1) by using Equation (20).

4. Calculate J(k) by using Equation (19).

5. Calculate X(I(k),a —2),---,X(I(k),0) recursively by using Equation (21).

6.  Substitute X(I(k),a — 1) and X(I(k),0) into Equation (22) to find X(I(k+1),a —1).
Letk =k+1.

7.  Repeat step 4 to step 6, and solve for the rest of the idle server probabilities.

8.  Finally, find the normalized p.a.e. vector using P~ CL

Appendix B. Proof of Equation (25)
> b
= Y (lore' = §=5 1 —aep(1 —2))].
1=0

Proof.

00 00 ) cyt
Zl|pz—2ﬂ/ ¢ Cwﬁmm
1=0 0

I=0
_ [ ety (ept2)!
_/0 " Z SEELAR 1)

« cyt cutz
dR(t
0 ( )

:A e~ H(1-2)0\ (1 — A(t))dt
- A/OO e’cﬂt(l’z)dt—)t/m e~cH =2t A (1) g
L 0

=1/cu(1-z)

— pb pb /oo —cpu(1—z)t
_1—z+1—z ; A(t)de

= 1@2(1 - /000 e MIIGA(L)). (using Equation (11))

~a(cp(1-2))

References

1.

2.
3.
4

Shyu, K. On the queueing processes in the system GI/M/n with bulk service. Acta. Math. Sin. 1960, 10, 182-189.

Gross, D.; Shortle, J.; Thompson, J.; Harris, C. Fundamentals of Queueing Theory; John Wiley and Sons: Hoboken, NJ, USA, 2008.
Neuts, M. A general class of bulk queues with Poisson input. Ann. Math. Stat. 1967, 38, 759-770. [CrossRef]

Easton, G.; Chaudhry, M. The queueing system E,/M®*"?/1 and its numerical analysis. Comput. Oper. Res. 1982, 9, 197-205.
[CrossRef]

Chaudhry, M.; Madill, B. Probabilities and some measures of efficiency in the queueing system GI/M®%? /1. Selecta Statistica
Canadiana 1987, 7, 53-75.

Neuts, M. Matrix-Geometric Solution in Stochastic Models—An Algorithmic Approach; John Hopkins University Press: Baltimore,
MD, USA, 1981.

Sasikala, S.; Indhira, K. Bulk service queueing models—A survey. Int. |. Pure Appl. Math. 2016, 106, 43-56.

Medhi, J. Further results on waiting time distribution in Poisson queue under a general bulk wervice rule. Cahiers du C.E.R.O.
1979, 21, 183-189.

Sim, S.; Templeton, J. Steady state results for the M/M* b /¢ batch-service system. Eur. ]. Oper. Res. 1985, 21, 260-267. [CrossRef]


http://doi.org/10.1214/aoms/1177698869
http://dx.doi.org/10.1016/0305-0548(82)90018-1
http://dx.doi.org/10.1016/0377-2217(85)90038-4

Mathematics 2022, 10, 3445 22 of 22

10.

11.
12.

13.

14.

Sim, S. On Multi-Vehicle Transportation Systems with Queue-Dependent Dispatching Policies. Ph.D. Thesis, University of
Toronto, Toronto, ON, Canada, 1982.

Adan, I; Resing, ].C. Multi-server batch-service systems. Stat. Neerl. 2000, 54, 202—-220. [CrossRef]

Goswami, V.; Samanta, S.; Vijaya Laximi, P.; Gupta, U. Analyzing a multiserver bulk-service finite-buffer queue. Appl. Math.
Model. 2008, 32, 1797-1812. [CrossRef]

Shyu, K. The waiting time distribution for the queueing processes in the system GI/M/n with bulk service. Acta. Math. Sin. 1964,
14, 796-808.

Chaudhry, M.; Templeton, J. A First Course in Bulk Queues; John Wiley & Sons, Inc.: New York, NY, USA, 1983.


http://dx.doi.org/10.1111/1467-9574.00137
http://dx.doi.org/10.1016/j.apm.2007.06.017

	Introduction
	Model Description
	Transition Probability Matrix (t.p.m.)
	Queue-Length Distributions at Pre-Arrival Epoch
	The Busy Server Probabilities
	The Idle Server Probabilities
	Special Cases
	Single-Server Probabilities for GI/Ma,b/1
	Multi-Server Queueing System GI/Mb/c


	Queue-Length Distributions at Random Epoch
	The Busy-Server Probabilities
	The Idle Server Probabilities
	The Special Case: E/Ma,b/c Queue

	Queue-Length Distributions at Post-Departure Epoch
	Numerical Results
	Conclusions
	Algorithm for Calculating p.a.e. Probabilities
	Proof of Equation (25)
	References

