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Abstract We consider basic M/M/c/c (¢ > 1) retrial queues where the number of busy
servers and that of customers in the orbit form a level-dependent quasi-birth-and-death
(QBD) process with a special structure. Based on this structure and a matrix continued
fraction approach, we develop an efficient algorithm to compute the joint stationary
distribution of the numbers of busy servers and retrial customers. Through numerical
experiments, we demonstrate that our algorithm works well even for M/M/c/c retrial

queues with large value of c.
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1 Introduction

This paper considers M/M/c/c retrial queues, in which if an arriving customer finds
an idle server, he starts to be served, otherwise he moves to a virtual orbit, stays there
for an exponentially distributed time and retries to get service. Retrial queues arise in
various systems such as telecommunications, computer networks and call centers [1,6,7,
21,22,27,31]. Aguir et al. [1] investigate the impact of retrials on the performance of call
centers, using a fluid approximation. Artalejo and Pla [6] further evaluate the effect of

customer retrials on operations of telecommunication systems, by a retrial queue with
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infinite waiting room and orbit. The authors in [6] propose two truncation methods to
analyze the underlying Markov chain of the retrial queue. Koole and Mandelbaum [21],
and Gans et al. [22] present extensive surveys on queueing models of call centers in
which the retrial phenomenon is taken into account.

Considerable attention has been paid to applications of retrial queueing models
for the performance evaluation of cellular mobile and computer networks [2,7,12,24,
27,31]. Tran-Gia and Mandjes [31] use some retrial queueing models to analyze the
performance of cellular mobile networks and claim that retrial phenomenon should be
taken into account in a careful design of these systems. Marsan et al. [24] propose an
approximation for the blocking probability of a retrial queue presented in [31]. Alfa
and Li [2] and Choi et al. [12] consider the design and analysis of cellular mobile
networks with correlated arrival processes. Artalejo and Lopez-Herrero [7] evaluate
the performance of cellular mobile networks operating under a random environment.
Phung-Duc et al. [27] develop a multiserver retrial queueing model with random server
selection to study the influence of retransmissions due to the contention of bursts on

Optical Burst Switched Networks (OBS) with wavelength conversion.

Analytical solutions for multiserver retrial queues have been obtained for a few
special cases. An explicit solution for the joint stationary distribution of the numbers
of busy servers and customers in the orbit is obtained only for the M/M/1/1 retrial
queue. For the case of ¢ = 2, the joint stationary distribution is expressed in terms of
hypergeometric functions [14,18,29]. As for the cases of ¢ = 3 and 4, Phung-Duc et
al. [28] show that the joint stationary distribution is expressed in terms of continued
fractions. The same authors in [29] further derive analytical solutions for the joint
stationary distribution of state-dependent M/M/c/c + r retrial queues with Bernoulli
abandonment, where ¢ + r < 4.

For general M/M/c/c retrial queues, many approximation methods have been de-
velopped so far. The basic idea of these methods is that the original M/M/c/c retrial
queue is approximated by some other analytically tractable models. A direct trunca-
tion method for the M/M/c/c retrial queue, assumes that the number of customers
in the orbit does not exceed some truncation point, under which a blocked customer
that sees the orbit full is lost [14]. Stepanov [32] considers some truncation methods
which disregard the states whose stationary probabilities are considered to be small.
Falin and Templeton [14] introduce a generalized truncation method which assumes
that all the servers are always busy due to retrials from the orbit when the number of
customers in the orbit exceeds some sufficiently large level.

Artalejo and Pozo [4] propose an extension of [14] assuming that there is at most one
idle server when the number of customers in the orbit exceeds some level. The authors
claim that it is difficult to make a further extension due to the same difficulty as in the

derivation of an analytical solution for the M/M/c/c retrial queue with ¢ > 2. It should



be noted that in these truncation methods [4,14], the number of retrial customers is not
necessarily assumed to be finite. Anisimov and Artalejo [3] present a unified approach to
prove that the stationary distributions of these generalized truncation models converge
to those of the original models.

Matrix analytic approaches to mutiserver retrial queues are extensively studied by
many researchers. For a detailed list of papers on this research direction, the readers
are referred to a survey paper by Gomez-Corral [17] and a recently published book by
Altalejo and Gomez-Corral [5]. Breuer et al. [9] and Klimenok and Dudin [20] consider
a BMAP/PH/N retrial queue, which is more general than the model of this paper. The
authors formulate the dynamics of the queue as a level-dependent M/G/1 type Markov
process with the so-called quasi-Toeplitz structure. The computational algorithm in [9,

20] is based on G-matrices, which do not have a sparse structure.

Neuts and Rao [25] propose an approximation method which assumes that the
retrial rate is constant when the number of customers in the orbit exceeds a trunca-
tion point. Under this assumption, the level-dependent QBD process becomes a level-
independent QBD process from the truncation point. As a result, the authors obtain
a level-independent QBD process with multiple boundary conditions for which some
efficient algorithms are available. The authors show that their approximation outper-
forms the direct truncation method in [14] when the traffic intensity is low. However,
under a high traffic intensity the approximation by Neuts and Rao [25] has a large error
because the dynamics of the approximation model is changed. Domenech-Benlloch et

al. [13] improve the method of Neuts and Rao by adjusting the retrial rate.

Hanschke [19] analyzes a mutiserver retrial queue, in which arriving customers are
blocked with some positive probabilities depending on the number of busy servers.
In this retrial queue, the number of busy servers and that of customers in the orbit
form a level-dependent QBD process with some special structure, which enables us to
calculate the rate matrices by a forward-type algorithm. However, it is reported by
Baumann and Sandmann [8] that the forward type algorithm in [19] is numerically
unstable due to the mix of positive and negative terms in calculation. Furthermore,
the approach in [19] cannot be applied to the M/M/c/c retrial queue of this paper. It
should be noted that the approach by Hanschke [19] is different from those presented
in [4,14,25,32] in the sense that the author directly analyzes the original retrial queue.

Liu and Zhao [23] use a censoring technique and a level-dependent QBD approach to
derive analytical solutions for the cases of ¢ = 1 and 2 and show the asymptotic behavior
for the stationary distribution of the general case. Bright and Taylor [10] develop
a computational algorithm for the rate matrices and the stationary distributions of
level-dependent QBD Markov processes, which can be used to analyze the M/M/c/c
retrial queue. The authors also propose a method to determine the truncation level,

however, the method unfortunately cannot be applied for the level-dependent QBD



process arising from the M/M/c/c retrial queue. It should be noted that an efficient
estimation of the truncation point for level-dependent QBD processes plays a crucial

role in the computation of their stationary distributions.

Recently, some progress has been made in the development of computational al-
gorithms for level-dependent QBD processes. Baumann and Sandmann [8] propose a
backward algorithm for level-dependent QBD processes. Through numerical experi-
ments, the authors show that their algorithm outperforms several conventional numer-
ical methods such as Gaussian elimination method, Jacobi iteration method, Gauss-
Seidel iteration method, and the power method on uniformized discrete-time level-
dependent QBDs. However, in [8] a comparison with the most competitive algorithm
by Bright and Taylor [10] has not been carried out yet. Phung-Duc et al. [30] in-
dependently develop a similar algorithm to that of Baumann and Sandmann [8] for
level-dependent QBD processes. The authors in [30] theoretically show that their al-
gorithm outperforms the algorithm by Bright and Taylor [10] in memory usage, while

the computational complexities of both algorithms are the same.

In this paper, we propose an efficient algorithm to compute the joint stationary
distribution of the M/M/c¢/c retrial queue, based on the backward algorithms presented
in [8,30]. First, using a special structure of the QBD process, we show that only the
last row vector of the rate matrices is nonzero and thus the computation of the rate
matrices is reduced to that of their last row vectors. Second, we propose an algorithm
to compute the last row vectors efficiently in both memory usage and computational
complexity. A remarkable feature of the proposed algorithm is that it does not require

the computation of any inverse matrix.

Furthermore, we use the analytical result of an M/M/1/1 retrial queue to determine
the truncation point for the level-dependent QBD process of the M/M/c/c retrial
queue. Using this truncation point, we compute a numerical solution for the joint
stationary distribution of the M/M/c/c retrial queue. It should be noted that the
truncation methods in [4,14,23,25] aim at minimizing the truncation point. In contrast,
our truncation method aims at finding a sufficiently large truncation point. In addition,
the same as Hanschke [19], we also directly analyze the original M/M/c/c retrial queues.
An important remark is that the computational complexity has not been shown in the
literature [13,19,25] on matrix analytic approaches to multiserver retrial queues. In
this paper, we show that the computational complexity of the algorithm is linear with
respect to the number of servers. We further show that our algorithm is numerically
stable because it manipulates positive numbers.

The rest of the paper is organized as follows. Section 2 presents the M/M/c/c retrial
queueing model and some preliminary results. The main contribution of this paper is
presented in Section 3. Section 4 is devoted to an extensive presentation of numerical

examples for various scenarios. Finally, Section 5 concludes the paper.
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Fig. 1 M/M/c/c retrial queue.

2 Model Description and Preliminary Results

We first describe the M/M/c/c retrial queue. The primary customers arrive at the
servers according to a Poisson process with rate A > 0 and the service time of each
server follows an exponential distribution with mean 1/v. An arriving primary customer
either occupies one of idle servers if any or moves to the orbit if all the servers are busy.
A customer in the orbit is called a retrial customer hereafter. Each retrial customer
stays in the orbit for an exponentially distributed time with finite positive mean 1/
independently of other customers. After the sojourn time in the orbit, a retrial customer
retries to get service. The retrial customer is served immediately if there is an idle server

upon arrival, otherwise it joins the orbit again. See Fig. 1 for details.

Let X (t) = (C(t),N(t)) (t > 0), where C(t) and N(t) denote the numbers of busy
servers and customers in the orbit, at time ¢, respectively. It is easy to see that the
bivariate process { X (¢);¢ > 0} is a Markov chain with the state space {0,1,..., ¢} xXZ4,
where Z4 = {0,1,2,...}. Throughout the paper, we assume that {X(¢)} is ergodic.
It is shown in the book by Falin and Templeton [14] that the necessary and sufficient
condition for the ergodicity of {X(¢)} is p = A/(cv) < 1.

It is easy to confirm that {X (¢)} is a level-dependent QBD process whose infinites-

imal generator is given by
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where O denotes a matrix of an appropriate dimension with entries being zeros and
Qén), an) and an) (n € Z4) are given by
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The diagonal components of an) are given by b, ' = —(A 4+ iv + nu(l — ;) for

i =0,1,...,c, where §; . denotes the Kronecker delta. Let m; ,, = lim;_oc Pr{C(t) =
i, N(t) = n} denote the joint stationary probability of the numbers of busy servers
and customers in the orbit. Let wn = (mo n, T1,n, .., Te,n) and m = (7o, 71,...). The

stationary distribution 7 is the solution of the following system of equations.
TQ =0, we =1, 1)

where vectors e and 0 denote a column vector and a row vector with an appropriate
dimension whose entries are ones and zeros, respectively. Equation (1) is rewritten in

a vector form as follows.

7Tn71Q(()n71) + ﬂ'ann) + 7Tn+1an+1) =0, n €N, (2)
e = 1, 3)

where N = {1,2,...}. The solution of (2) and (3) is given by
7o = w1 R™, n €N,
where {R("); n € N} is the minimal nonnegative solution of

QY L RMQM y RMRMHIQIMD 0, nen,



and the boundary vector 7rq is the solution of
0 1
Q" + RVQY) =0,
moI+RY + RVR® 4 e =1.
Matrix I denotes an identity matrix with an appropriate dimension.

Proposition 1 We have the following backward recursive equation.
R™ =R, (R™Y),  neN,
where Ry (X) is defined as

Rn: M — M,
— n n -1
Ro(X) = Q)Y (-@" - xQ{"™V) ", nen

Here, M denotes a set of (c+ 1) x (¢ + 1) matrices in which Ry (-) is well defined.

Definition 1 For k,n € N, we define the sequence R,(cn) as follows.

R =0, nen,
and
(n) — (ntl)y _ . _
R, =Rn(R) ) RnoRpt1000 R, 1(0), n, k€N, (4)

where fog(-) = f(g(")).

Proposition 2 (Proposition 2.4 in [30]) For k,n € N, we have

lim R™ = R(™.

k—o0

Remark 1 According to Proposition 1 and (4), R™ can be regarded as an infinite

)

matrix continued fractions, and R;c" is the k-th approximation of R TFor the general

notion of continued fractions, the readers are referred to [15,16,26].

3 Computation of the Stationary Distribution

In this section, we develop an algorithm to compute an approximation to the stationary
distribution of the level-dependent QBD process arising from the M/M/c/c retrial
queue. The algorithm is divided in three stages. The first stage is devoted to the
computation of a fundamental step of the backward formula (4). The second stage is

concerned with the computation of an approximation to the stationary distribution



of the level-dependent QBD process, provided that the truncation point is given in
advance. The final stage presents a method to determine the truncation point, based

on the explicit solution of an M/M/1/1 retrial queue.

3.1 Fundamental step

According to Definition 1, we have to compute k inverse matrices in order to obtain
Rl(:). The computational cost for each inverse matrix is equal to O(c®), where f(z) =
O(z") (n € N) implies that there exists some finite £ > 0 such that limgz o | f(z)|/2" =
k. Instead of directly computing the inverse matrix, we propose an efficient method to
obtain Rén) and an approximation to R(”)7 based on a sparse structure of these rate

matrices. The computational complexity of the proposed method is only O(c). Indeed,
(n—1)
0 .
Therefore, the computation of R,(fn) and R™ is reduced to that of rlgn) and r(n),

where r](cn) (k€ Z4+) and (™ denote the last rows of R;cn) and R("), respectively. Let

the first ¢ rows of Rggn) and R(™ are all zeros, due to the special structure of Q

'rgc") = (7"1(:0)77"1(:1)7 .. 77"1(ch)) ; P = (rén),rgn), . ‘,rgn)) , n, k €N.

Remark 2 The sparse structure of the rate matrices is also used by Liu and Zhao [23],
who exploit the special structure of R("™) to derive explicit solutions for the M/M/c/c
retrial queues with ¢ = 1,2, and some asymptotic results for the general case. In
this paper the sparse structure of the rate matrices is used in order to reduce the

computational complexity of a numerical algorithm.

Theorem 1 Forn, k €N, r](cn) is expressed in terms of 'r}cnjil) b
T,(cili):ai—l—ﬁirl(:c), i=0,1,...,c—1,
where {a;, Bi;i=c—1,c—2,...,1} and r,(gnc) are determined as follows.

pm) +(n+1)ur(7i+1)_
ae=0, fe=1 ac1=-1, feo1=—— Aoleot

A b
bl(,n)ai + @+ Drajpr |
Qi1 = — )\ , 1207176727...71
bgn)ﬁi + (@ + DvBiy1 + (n+ 1)#”1(:—?11‘)—1 ,
Bio1 = - N S i=e—le=2.0
and
(n) _ bén)ao + vagy
The = 7 ) 0 L o

b o + By



Proof Let U;)n) denote
U — Qi £ REIQUHD, ke

Matrix Ugcn) is the defective infinitesimal generator of the restricted process of {X (¢)}
on level n, under the taboo of levels n — 1 and n + k. Due to the special structure of
R(nJrl) and of an+1)’ we have

k—1
o
Ul = Q™ + (N(nﬂ)) ,  n, kEN, (5)
Tr—1
where
Fén) =nu (O,r,(;g,r,(vﬁ), cee 7'](;2,1) , n, k€ N.

We also have )
RV ="V (-u”) ", nken

which is equivalent to
RMU™ =@V, n ke (6)

Because the first ¢ rows of both sides of (6) are zero vectors, (6) is equivalent to

(xo,xl,...,xc)U,(Cn) =(0,0,...,0,=2X), (7)
where (zg,z1,...,%¢) is used instead of rfcn) for convenience. From (5), we can solve

(7) efficiently. Indeed, we rewrite (7) as the following system of equations.

Bz +vay =0, i=0, (8)
Azi—1 + bgn)xi + @+ vz + (n+ 1)#@81-;,1,»)_1% =0, i=1,2,...,c—1, (9)
Ao 1 + (bgn) + (n + 1),[1,7’](;1_-‘;712_1) Te=—N, 1=c (10)

We assume that z; (1 =0,1,...,c) can be expressed in terms of z. as
r; = a; + Bixe, 1=0,1,...,c (11)

Substituting (11) into (9) and (10) yields

Aati1 b e + (i + Dragg =0, (12)

ABi—1 + 68" B; + (i + D)vfBig1 + (n + 1)M7“;(Jffi)_1 =0, (13)
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fori=c—1,c—2,...,1. It follows from (10) and (11) with ¢ = ¢ that

bE") +(n+ 1),ur,in_+11)_1
=0, fe=1, ac1=-1, fe1=- X = (14)
Substituting (11) into (8) yields
b(()n)(ao + Boxe) +v(al + frze) = 0. (15)
Theorem 1 can be proved by using equations (11) to (15).
Corollary 1 The solution of the system of equations:
0 1
20(Q” + RVQM) =0,  axpe=1, (16)
is given by
. 1
0= )
R
xi,OZ/BixC,Oa 7::0317"'76717
where Ty = (20,0, 1,0, - -, Lc,0)-

Proof We observe that the system of linear equations:
0 1
20(@)” + RYQYY) =0,

expresses a special case of (7) with n = 0 and the A in the right hand side being equal
to 0. Note that for this case, ac—1 = 0 and thus a; = 0 (z = 0,1,...,c). Therefore,

from z; 0 = B;x¢,0 and xge = 1, Corollary 1 is proved.

Because {«j, 8i;i = 0,1,...,c} grow fast and the order of «; and (; is the same, we
confirm that the computation of z; (i = 0,1,...,c¢—1) by (11) is numerically unstable.
Instead of using (11), we use the following theorem to determine z; (i = 0,1,...,¢—1)

provided that x. is given.

Theorem 2 If z. is given, then x; (1 =0,1,...,¢— 1) can be determined by

i + )vaisl + Di
o= OF )mg*“r L =01, e—1, (17)
i

where the sequences {B;, D;;1 =0,1,...,¢c— 1} are recursively defined by

By = A+ np, Dy =0,

i AD;_
B‘ll/l ) D;=(n+ 1)N71/(€7l_t71i)_1xc =+ T (18)
i

B; = (A +iv+np) — B
i—1
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Furthermore, we have
B;>)\  D;>0, i=0,1,...,c—1. (19)

Proof Equation (17) is easily proved using mathematical induction. We show (19) also
by mathematical induction. We confirm that (19) is true for ¢ = 0. Assuming that (19)
is true for all i = 0,1,...,m, where m =0, 1,...,c— 2, we prove that (19) is also true

for ¢ = m + 1. Indeed, it follows from (18) that

A 1

Bit1 :)\—i—(m—&—l)l/—i—nu—w
m

>A+(m+1)u+nu—w

=A+nu> A,

where By, > A is used in the first inequality. It follows from (18) and

(n+1) )
Th—1,i—1 > 0, ze > 0, B; >0,

that D; >0 (i =0,1,...,c—1).

Remark 8 According to Falin and Templeton [14], recursive formulae (17) and (18)
have been used in analyses of not only retrial queues but also numerical solutions
of boundary value problems of second-order differential equations. However, to the
best of our knowledge, the inequalities in (19) have not been rigorously proven yet.
For example, Artalejo and Pozo [4] use a similar procedure as in Theorem 2, where
B;,D; >0 (:=0,1,...,¢—1) is claimed without a proof.

Definition 2 Let r, denote a function such that

r(z) = Lr (Bn(X(2)),  neN,

In the above,  is a row vector with an appropriate dimension and Lr(Y") denotes the

where

last row of matrix Y.
It follows from Theorems 1, 2 and Definition 2 that
'r(n) = rn(r(n+1)), ’Pén) = Tn('l”‘](gitl)) =TnOTp41 ©00 TnJrkfl(O)» (20)

for all n, k € N.
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3.2 Algorithm

In this section, first we propose an algorithm to compute the rate matrices. Then,
we compute an approximation to the joint stationary distribution, provided that the

truncation point is given in advance.

8.2.1 The rate matrices

Recently, Phung-Duc et al. [30] proposed an algorithm to compute an approximation
ﬁ(n) to R™). Based on (20), we modify the algorithm in [30] to efficiently compute
?(n), which is the last row of ﬁ(n). In Algorithm 1, {k;;! € Z4} is a strictly increasing
sequence of non-negative integers, and ||@||oc denotes the infinity norm of vector x,
whose definition is given by

[llloc = maxlal,

where z; represents the jth entry of «.

Table 1 Computation of r(").

Begin Algorithm 1

tput: {Q)", Q1" QY knin € Z,c}.
Output: {#(™}.

l=1;
Compute r](;ll) and r,(;;) using Theorems 1, 2 and (20).

while Hrl(;;) — 1‘](;21“00 >edo
=141

Compute rgll) and r](:zl using Theorems 1, 2 and (20).

end

() = 'r,(;ll);

End Algorithm 1

Corollary 2 The computational complexity of each step in Algorithm 1 and of the
boundary equation (16) is O(c).

Proof This corollary is a direct consequence of the proofs of Theorems 1 and 2.

3.2.2 Stationary distribution

In the general case, no closed form for {mwn;n € N} exists. Therefore, we present
an algorithm to compute an approximation {7n;n = 0,1,..., Ng} to the stationary

distribution {mn;n € N}, where Ny is a natural number given in advance. See Table 2
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for details of the algorithm, which is modified from Algorithm 3 in [30]. In Table 2, x,
is given by

Tn = (T0,ns T1my- -+ Teyn),s n=20,1,..., No,
which corresponds to 7,. We also use

(1)

T 1R (n)’

= Te,n—1T

to simplify the algorithm. A careful choice of Ny for the M/M/c/c retrial queue will

be discussed in Section 3.3.

Table 2 The stationary distribution.

Begin Algorithm 2
Input: \, u, v, ¢, {kn;n € N}, €, No.
Output: {7wn;n=0,1,..., No}.
Compute #»(No) using Algorithm 1 with {k,} and e.
for n=1to Ny — 1 do

;;(No—n) _ TNO_n(;F(Ng—n-i-l))

end
Compute xg by Corollary 1.
for n =1 to Ny do

~(n
Tn = -rc,nflr( )§

end
for n =0 to Ny do
o= — Ly
TT = 7
RS SRS
end

End Algorithm 2

3.3 Choice of the truncation level Ny

In Algorithm 2, the truncation level Ny is given in advance. It is desired that Ny is
the level where the tail probability is small enough to be neglected. In other words, we
need an Ng such that

oo

Z e < €.

n=Nop+1
However, since 7y, is unknown, it is difficult to directly determine such Ny for a general
ergodic M/M/c/c retrial queue.
Recall that an explicit solution for the joint stationary distribution of an M/M/1/1

retrial queue is obtained in [14]. We consider an M/M/1/1 retrial queue with an arrival

rate A/c, a service rate v and a retrial rate p. This M/M/1/1 retrial queue is also
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stable because p = A/(cv) < 1. Let p; , (i =0,1,n € Zy) denote the joint stationary
probability that there are ¢ busy server and n customers in the orbit. According to [14],

we have the following result.

n n+1

2 A 2 A
(1 — p) c#+1 (7> , Pln = P ' (1 _ p)l*f’cu (1 + 7) \
n n: n

cl cl

Po,n = L'
n!

for all n € Z4, where (¢), (—00 < ¢ < 00, n € Z4) denotes the Pochhammer (see e.g.

n

page 222 in [11]), whose definition is given by

( 1, n =0,
Q) =
" ple+1l)--(¢p+n—-1), meN.

The truncation point is determined by

n
No=inf{n | Y (poi+p1:) > 1—co}, (21)
i=0

for any €y > 0. According to numerical results in [29], it seems that the tail probability
of the M/M/1/1 retrial queue is greater than that of the M/M/c/c retrial queues
(c = 2,3 and 4) with the same traffic intensity. Based on these observations, we further
expect that the tail probability of an M/M/c/c (¢ > 2) is also smaller than that of the
M/M/1/1 retrial queue. In particular,

o0 o0
Y. me< Y (pon+pin) < e
n=No+1 n=Np+1

This supports the choice of Ny by (21). The ergodic condition of the M/M/1/1 retrial
queue is the same as that of the M/M/c/c retrial queue. Therefore, we can obtain Ny

for any A and v satisfying A < cv, which is equivalent to the ergodic condition p < 1.

4 Performance Measures and Numerical Examples

In this section, we derive some performance measures and then provide some numerical

results.

4.1 Performance measures

Let m, denote the probability that there are n customers in the orbit in the steady

state. We have

c
TI'n:Zﬂim, neZst.
=0
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Let E[C], Var(C), E[N] and B denote the average and the variance of the number of
busy servers, the average number of customers in the orbit and the blocking probability,

respectively. We have
(&
E[C]= > 2 mini,  EINJ= ) nm,  B= 3} men
n€Zy i=0 neEly neELy

and

Var(C) = i im,nﬂ — E[C]?.

n=01i=0

Remark 4 The blocking probability B is defined as the probability that an arriving

primary or retrial customer finds all the servers busy.

Let Buwor denote the blocking probability of the M/M/c/c Erlang loss system with

arrival rate \ and service rate v. We have

Byor =

OIS O

Let Buwr denote the blocking probability of the M/M/c/c Erlang loss system with

arrival rate \* and service rate v, where
A = X+ pE[N].

A" expresses the average arrival rate of the primary customers and retrial customers.
We have

where

Let 7, E[C], E[N] and B denote the approximations to mp, E[C], E[N] and B, respec-

tively, i.e.,
c R No ¢ No No
Fn=3 Fim BC]=3_> Fini, E[N]=> nfn, B=) en,
i=0 n=04i=0 =0 n=0

and further let

No ¢
Var(C) = > Y " #ini® — E[C)?,

n=0 =0
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denote an approximation to Var(C'). According to Falin and Templeton [14], we have
some explicit formulae as follows:

1+ pX—Var(C)

B[C)=A  E[N]= L #A

(22)
provided that v = 1. We define the absolute errors ec and ep by

14 p—Var(0))

E[N] i — |’

eC:‘E[C}f/\’, eN =

provided that v = 1, in order to evaluate the accuracy of our algorithm.

4.2 Numerical examples

In this section, we present some numerical examples to show the efficiency of our

algorithm and to evaluate the performance of the M/M/c/c retrial queue.

4.2.1 Influence of € in Algorithm 1

We consider an example where ¢ = 10, 4 = 1 and v = 1 to investigate the influence
of € on the stationary distribution obtained by Algorithm 2. Fig. 2 shows the absolute
error ec against the truncation point Ng in Algorithm 2. In Fig. 2, the four pairs of
curves from the left to the right correspond to the cases of p = 0.5,0.7,0.9 and 0.95,
respectively. In all the curves, ec decreases with Ny. In each pair (for example, the
pair of p = 0.9), the left and the right curves correspond to the case where TNyg+1 = 0,
and the case where 7y, is computed using Algorithm 1 with k; = 2! —~1ande=10"7,
respectively. We observe that the absolute error of the latter is smaller than that of
the former, although the difference between both curves is small. This implies that the
impact of € on the stationary distribution is small and that the accuracy brought by
Algorithm 2 is insensitive to e.

The truncation points computed by the procedure in Section 3.3 with ¢y = 1077
are 24, 49, 177 and 368 for the cases of p = 0.5,0.7,0.9 and 0.95, respectively. Fig. 2
shows that at these truncation points, even for the cases where ry 11 = 0, ec is
in the order of 107%. This implies that for the Ny computed by the procedure in
Section 3.3, the simple method where r 5,41 = 0 has a sufficient accuracy. Therefore,
in Section 4.2, instead of computing 75, with high accuracy, we choose the Ny as
presented in Section 3.3 with ¢g = 1077 and use T Ny+1 = 0. The validation of the Ny

will be presented in details in Section 4.2.6
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Fig. 3 Blocking Probability vs. the Number of Servers (p = 0.7).

4.2.2 Optimal number of servers

80 90 100

In the following, we use e¢g = 1077 to determine the truncation point Ny by the

procedure presented in Section 3.3 and v = 1. Now we compare three types of blocking

probabilities Byor, B and Buyr.
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Fig. 4 Blocking Probability vs. the Number of Servers (p = 0.9).

Figs. 3 and 4 demonstrate Byor, B and By against the number of servers for two
cases: p = 0.7 and 0.9. In these figures, the blocking probability without retrials Buyor
is the smallest. We observe that under the same number of servers, B and By increase

with p as expected.

We compare the curves of By, and B with the same p. When p is small, e.g.,
# = 0.01, both curves are almost the same. The difference between them increases
with p. In the case where p is large, e.g. © = 100, we observe that there exists some cg
such that B < Byr and B > By, provided that ¢ < ¢g and ¢ > ¢, respectively. The

reason for this can be explained as follows.

In case of a small ¢, the probability that all the servers are busy is large. Thus, in
the M/M/c/c retrial queue, blocking is easily observed by retrial customers repeatedly.
On the other hand, in M/M/c/c loss model, primary customers and retrial customers
observe the same congested situation. These reasons explain why By, > B. In the case
of a large ¢, the probability that all the servers are busy is small. Therefore, By is
small due to the fact that in the Erlang loss model, customers are assumed to arrive
at the servers randomly. In the M/M/c/c retrial queue, if a customer is blocked, the
customer retries immediately. Thus, the arrival process of retrial customers is likely to

have a bursty nature which results in a high blocking probability B.

We consider an optimal design problem using Bwor, Bwr and B. Let ce denote the
minimum number of servers such that the blocking probability is less than or equal to

€. In the case where p = 100, we find from the curves of Byor and By in Fig. 3 that
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co.1 ~ 8 and 33, respectively, while the curve of B shows that cg.; = 18. These results
show that Byor underestimates and By, overestimates the optimal number of servers.

The difference between the curves of B and By, for the case of p = 0.9 is even
larger than that for the case of p = 0.7. We find from Fig. 4 that cg.1’s for the curves of
B and By are roughly 180 and 280, respectively. As for the case of ¢g.gp1, the answers
given by B and By are about 800 and 620, respectively. Therefore, By,r overestimates
cp.1 and underestimates cg.go1-

From the observations on Figs. 3 and 4, our conclusion is as follows. For the case
of a small retrial rate, e.g. u < 1, the Erlang B formula gives a good estimation of
the optimal number of servers. However, when the retrial rate is large, e.g. p > 1, the
estimation by the Erlang B formula has a large error. Therefore, in applications such as
call centers, cellular mobile networks, etc., where the retrial interval is short, a retrial

queueing model should be used instead of a conventional Erlang loss model.

4.2.8 Influence of the retrial rate

Figs. 5 and 6 show B and By against p for the cases of p = 0.9 and 0.95, respectively.
In these figures, the curves for ¢ = 10, 50, 100, 500 and 1000 are plotted.

First, we compare B and By in a wide range of . We observe in all the cases that
there exist some pg and p1 (o < p1) such that B & Byr, B > Bywr and B < By
provided that p < pp, po < p < p1 and p > pg, respectively. In particular, Figs. 5 and
6 show that when p is large B is insensitive to p while By is sensitive to p, and that
both B and By are insensitive to p when p is small.

Second, we consider the characteristics of B for M/M/c¢/c retrial queues. For ex-
ample, Fig. 5 shows that B is insensitive to u when p < 1. This suggests that we can
use the result of B for y = 1 to obtain an approximation of B for a smaller u. This
saves on computational cost because a small p causes a large Ng. We further observe
that B comes closer to the probability that a customer has to wait in the conventional
M/M/c queue as shown in [14].

4.2.4 Average number of customers in the orbit

Fig. 7 demonstrates the average number of customers in the orbit against the num-
ber of servers for the case of p = 0.95. In Fig. 7, the curves of the cases, where
p = 0.01,0.1,1,10 and 100 are plotted. We observe in these curves that the average
number of retrial customers decreases with the number of servers. This is due to the
collaboration among the servers. It should be noted that the vertical axis of the graphs
is in log-scale. In this scale we observe that the average number of customers in the
orbit is asymptotically linear with the number of servers. As a result, we can predict

E[N] for the case of a large number of servers using the E[N] obtained for the case of a
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Fig. 6 Blocking Probability vs. Retrial Rate (p = 0.95).

relatively small number of servers due to the fact that a line is completely characterized
by a point and a slope.

We investigate the influence of 11 on the average number of retrial customers. We
observe in Fig. 8 that the average number of retrial customers decreases with the retrial

rate and is asymptotic to the average number of waiting customers in the corresponding
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Fig. 8 Average Number of Retrial Customers vs. Retrial Rate (p = 0.9).

conventional M/M/c queue without retrial. Note that Fig. 8 is plotted in log-scale. In

this scale, the curves show a linear tendency when pu < 1, which agrees with the fact

that E[N] is proportional to pu~

Las u — oo as shown in [14]. Based on this fact, we

can use the E[N] obtained for the case of 4 = 1 in order to obtain an approximation

to the E[N] for the case of a smaller p.
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4.2.5 Asymptotic behavior

Fig. 9 shows the asymptotic behavior of the distribution of the number of busy servers
when the arrival rate and the service rate are kept constant, A = 70 and v = 1. We
observe that the stationary distribution of the number of busy servers in M/M/c/c
retrial queues is asymptotically the same as the stationary distribution of the number
of busy servers in an M/M/oo queue with the same arrival and service rates. The
reason for this is that customers are not blocked when the number of servers is large
enough. Therefore, the retrial queue behaves like the M/M /oo queue. This suggests
that if the number of servers is large enough, we can use an M/M/co queue instead of

a multiserver retrial queue.

4.2.6 Validation of the truncation point Ny

In this section, we show the validation of the determination of Ny presented in 3.3.
Fig. 10 represents the absolute error e) against the traffic intensity for the cases of
u =1 and ¢ = 10,100 and 500. The figure shows that the absolute error is small when
the traffic intensity is small, while they become larger as p approaches to 1. However,
under such a heavy traffic condition, the number of retrial customers is also large, thus,
the relative errors are small.

Fig. 11 shows E[C] against the number of servers for the cases of p = 0.7,0.9 and
0.95. We observe that in all the cases, E[C’] does not depend on p. We also confirm



23

1
Ret‘rial: 10 serverls —
Retrial: 100 servers ---x---
Retrial: 500 servers ---%---
0.01 | i
0.0001 i

Absolute Error

1e-006

1e-008

1e-010 . . £ .
0.3 0.4 05 0.6 0.7 0.8 0.9 1

Traffic Intensity

Fig. 10 Absolute Error ey vs. Traffic Intensity.

1000 ; , :
.7, u=0.01
=07, p=1 + P
900 p=0.7,u=100 -------- r
p=0.9,u=0.01 X){
p=09,pu=1 x )
o p=09,u=100 ---- ) |
800 p=0.95u=0.01 - %*X
1) p=0.95, 1 B
@ - p=0.95pn 0 .
GE) 700 y xxx
& v }
> y=0. . N xx
[9) 600 . |
S
5 e
5 e
5 500 - . |
Qo
S
S
Z 400 | |
[
j=
o
g s0r |
200 |
100 |
0 ‘ ‘ ! L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

Number of Servers

Fig. 11 Average Number of Busy Servers vs. the Number of Servers.

that the curves of E[C] conform with the line y = pc, where p is kept constant. These
results agree with (22).
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5 Conclusion

In this paper, we have presented an algorithm to compute the stationary distribution
of the M/M/c/c retrial queue. The algorithm is based on a matrix continued fraction
representation of the rate matrices of the level-dependent QBD underlying the queue.
One of the most notable features of the algorithm is that it does not need to compute
inverse matrices. The computational complexity of the algorithm is only O(c) instead
of O(c?) as in conventional matrix analytic methods [30]. Furthermore, we have shown
that the algorithm manipulates positive numbers and thus it is numerically stable.
This enables us to analyze M/M/c/c retrial queues with large c. We believe that the
algorithm can be applied to some variant models such as state-dependent multiserver

retrial queues with abandonments.
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