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Abstract. In this paper, we consider the multiclass M/M/1/1 retrial
queueing system. Customers of each class arrive from outside the sys-
tem according to a Poisson process. The service times of customers are
assumed to be exponentially distributed with the parameter correspond-
ing to the type of the customer. If the server is busy incoming customers
join the orbit according to their type and make a delay for an exponen-
tially distributed time. Equations for the characteristic function of the
multi-dimensional probability distribution of the numbers of customers
in the orbits are obtained. These equations are investigated by method
of asymptotic analysis under the long delay condition of customers in the
orbits. It is shown that the probability distribution can be approximated
by a multi-dimensional Gaussian distribution. Equations are obtained
for finding the parameters of this probability distribution.

Keywords: Retrial queueing system - A multiclass system -
Asymptotic analysis

1 Introduction

Retrial queues have become popular in the queueing research due to the chal-
lenging in the analysis as well as the needs of modelling retrial phenomenon
in real world systems, e.g., telecommunication systems [10,15], call center and
other service systems [6]. Retrial queues reflect the situations that customers who
arrive at a service system when the system is fully occupied, do not wait but
retry to access the system in a later time. For example, customers of a call center
may make a phone call again if all the operators are busy [6]. Retrial queues with
single class of customers have been extensively studied in the literature [1,2]. For
a survey on advances of retrial queues, we refer to [14]. The main difficulty in
the analysis of retrial queues arises from the fact that customers retry indepen-
dently leading to inhomogeneous transition structures of the underlying Markov
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chains. As a result, even for the pure Markovian model (i.e. Poisson arrivals
and exponential service times), explicit results are found in only some special
cases only. Single server model with pure Markovian assumptions is explicitly
analyzed [2]. For the case of more than one server, generating functions for the
number of customers in the orbit is represented in terms of hypergeometric func-
tions for the case of two servers [2,4], while the distribution of the number of
customers in the orbit is expressed in terms of continued fraction for the case
of three and four servers [11,12] and matrix continued fraction for the case of
arbitrary number of servers [5,13]. The main difficulty of the analysis is that
the generating functions of the joint queue length distribution are solutions of a
system of differential equations whose solution cannot be explicitly obtained in
general.

For multiclass retrial queues, the analysis is even more difficult and analytical
solution for the joint stationary distribution has not been obtained even for single
server case. To the best of our knowledge, only the stability conditions [7,9] and
moments of the number of customers in the orbit have been obtained [2,8].
The difficulty is the fact that the joint generating functions of the numbers
of customers in the orbits are the solution of a system of partial differential
equations. In this paper, we consider the system under an asymptotic regime of
slow retrials. First, we consider obtain the first order asymptotic result that the
scaled numbers of customers in the orbits converge to the constants having clear
physical meaning. Next, we obtain the second order asymptotic result which
states that the joint distribution of the centered numbers of customers in the
orbits converges to a Gaussian distribution with explicit mean and covariance
matrix.

The rest of our paper is organized as follows. Section 2 presents the model
and problem formulation. Section 3 show the detailed analysis of the first and
second order asymptotics. Section 4 presents some numerical examples while
concluding remarks are presented in Sect. 5.

2 Model Description and Problem Statement

We consider a multiclass retrial queueing system. Let N be the number of classes
of incoming customers. Customers of each class arrive from outside the system
according to a Poisson process with a rates A\,,n = 1, N. If an arriving customer
finds the server free, the customer occupies the server and gets a service. The
service times for each class of customers are assumed to be exponentially dis-
tributed with service rates u,,n = 1, N depending on the class. If the server is
busy incoming customers join the orbit according to their type and make a delay
for an exponentially distributed time with rate o,,n = 1, N then repeat their
request for service.

Let i,(t),n = 1, N be the random processes of the numbers of customers in
the orbits. We denote in vector notation as i(t) = [i1(t)...in(¢)]. The aim of
the current research is to derive the stationary probability distribution of this
vector process. Let k(t) be the random process that defines the server states: 0
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if the server is free, n if the server is busy serving an incoming call of n-th type,
n=1,N.

The process i(t) is not Markovian, therefore we consider the (N + 1)-
dimensional continuous time Markov chain {k(t),i(¢)}.

Denoting P (i,t) = P{k(t) = k,i1(t) = i1,...,in(t) = in},k = 0,N it is
possible to write down the following equalities

N
Py(i, t + At) H 1= A At) (L — iy At) + Y P (i, ) i At + 0( At),
m=1 m=1

N
Po(i,t+ At) = P (i,t)(1 — pn At) [T (1 = AnAt) + Po(i, 1) A At
m=1

N
+ Po(i+ en,t)(in + 1)on At + Y Po(i— ey, )\ At + 0(At),n =T, N.

v=1
Here e,, is the vector whose n-th component is equal to unity, and the rest

are zero.
We will consider the system in a steady state regime under the stability

condition [9]:
N
>

fim
m=1
We denote Py (i) = tlim Py (i,t) the stationary probability distribution of the
—00
system states {k(t),i(t)}.
Let us write the system of equations for the probability distribution

{PO(i)apl(i)v7PN(i)}’120a

using equalities the above:

N
Z —imOm) + Z P, (1) pm =0,
m=1 m=1
(un+zx\ >+Po WA + Po(i+e,)(in + 1oy, (1)
m=1
+ZP i—e )\ =0,n=1N.
Here it is assumed that Py (i) = 0,k = 0, N, if at least one component of the

vector i is negative.
Let us introduce the multidimensional partial characteristic functions

Hw) =3 ... Pk(il,...,iN)exp{j 5 umim}

i1=0  iny=0 m=1

= 20 P (i), k =0, N, (2)
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where j = y/—1 is an imaginary unit, u — vector with components u,,n =1, N.
Substituting functions (2) into (1), the following system of equations is
obtained.

N N N
—Ho(w) > Am+3 Y Ofo(w) > Hp (W =0,

O,

N
—H,(u) (un +> Am> + Ho(w)hn _jgne—juna%(u) 3)

3 Asymptotic Analysis Under the Long Delay Condition
Denote
Op =0%,,n=1,N.

The main idea of this paper is to find the solution of system (3) by using an
asymptotic analysis method under the limit condition of the long delay customers
in the orbits, i.e., when o — 0.

3.1 Asymptotic of the First-Order

We make the following substitutions in the system (3):

o=¢u=ew, Hy(u) = Fp(w,e),k=0,N.

As the result, we get the following equations:

N

OFy(
7F0W€ Z)\nt+]2 OWE Z :O,
m=1 m=1 m=
L iew. OFp (W€
FWG('“"_FZ)\)_'—FOWG))‘ — jYne™? n%n) (4)
N .
+ Z Fn(wae)/\mejewm =0,n=1,N.
m=1

Denoting the asymptotic solution of the system of Egs. (4) in the form
Frp(w) = HH(I) Fi(w,e€),k =0, N, we obtain solution named as “first-order asymp-
€E—

totic”. We prove the following theorem.

Theorem 1. The first-order asymptotic characteristic function of the probabil-
ity distribution of the numbers of customers in the orbits has the form:

N
Fr(w) = Rkexp{z jwmxm} ,k=0,N,

m=1
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where parameter

A N

n T AT )\m
Rn: 7,n:1,N,R0:1—
,un m:lum

(®)

is the stationary probability distribution of the state server (R = {Ry},k=0,N
in matriz form),

,n=1,N. (6)

Proof. In system (4), we take the limit as e — 0. Then, we get the system of
equations:

N N9 (w) N
. 0
—Fo(W) D Am 7 ) 5 m+ D Fn (W) = 0,
m=1 m=1 m =

OFy(w)
Own,

- Fn(W)Un + FO(W)/\n — JVn
We will look for a solution the above system of equations in the following form
Fi(w) = Rid(w), k =0, N. (8)

Substituting (8) into (7) and multiplying the equations of the system by

, we derive equations:

D(w)
N N N
. 0P(w) /0w,
Re S Amt iR Y %% +3 Rt =0,
m=1 m=1 w m=1 (9)
0P ow,
— Ruftn + Rodn — j7mRo (;V()vé) < =0n=1,N

The solution of Eq. (9) is as follows:

N
P(w) = exp { > jwmxm} : (10)

m=1

Substituting this expression into the system (9) yields

N N N
—Ry Z Am — Ro Z YmTm + Z Ry pim =0,
m=1 m=1 m=1

- Rn,ufn + RoAp + "YnanO =0,n=1, N.
We express R,, from the second equation of system and get relation

P

Ry Ro. (11)
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We sum the equations of the system (4) in order to get the equation

al al N oF, (w,e)
jewm _ : oW, €) 0 —jewmy.
D Al 1) 32 Fufws) 3 30 SR e =0, (12

m=1 m=1
Let us use expansion
el =1+ jew,, + o(e)

where o(e€) is an infinitesimal of the order greater than e, in Eq. (12). Dividing
these equations by je and making the transition € — 0, one obtains the following
equation:

N N N
> Amwm Y Fn(w) +j 9Fo(w) Wy Y = 0. (13)
m=1

m=1 m=1 6U)m

Substituting (8) and (10) to (13), we have

N N N
Z A Wan, Z R,, — Ry Z Wy YmTm = 0.
m=1 m=1

m=1

N
Using condition of standardization ) R,, =1, we obtain

m=0
N N
Z AWy, — Ro Z (Am + ’mem)wm =0. (14)
m=1 m=1

After some transformations, one obtains the following equation:
Am — Ro(Am + Ymam) = 0.

We obtain an expressions for z,,n = 1, N, which coincide with (6).
Using this expression, we can write

Am

Ry=———"-——.
0 )‘m+7mxm

Substituting this expression in formula (11), one obtains expression (5).

The values x,, represent the average values of the numbers of customers in
the orbits normalized by the value o.

3.2 Asymptotic of the Second-Order

In the system (3) let us denote

N
. Um
Hk(u):H,f)(u)eXp{Zja'ymxm},krzo,N. (15)

m=1 m
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The functions H, ,22) (u) are the partial characteristic functions of the values

of centered random processes i, (t) — Lm Substituting
Vo
Op = 0Vn, 0 = €2,1 = €W, H()( )= Féz)(w,e),kzo,N. (16)

and expression (15) into the system (3) we get:

al 8F(2)(w )
—F()weZ)\ + Y Zm) +jez +ZF,,L2)W6 m =0,
m=1 m=1
—F®(w,e (u + Z Am e”“’"ﬁ) + F(z)(w €)(An + Ynxne 7))
e
—jeyne I n 08 wye) _ O,n=1,N
Wy,
(17)

Denoting the asymptotic solution of the system of Egs. (17) in the form
F]£2)(W) = HH(I) F,§2) (w,€),k =0, N, we obtain this solution, named as “second-
order asymptotic”. We prove the following theorem.

Theorem 2. The second-order asymptotic characteristic function of the proba-
bility distribution of the number of customers in the orbits has the form:

FP(w) = Rkexp{ ZZwu Vmwm},kO,N, (18)

Vlml

where parameters K, are the solution of the following system:
N N p
Y RoKum — AuBo Y - K = (1 = Ro)(1 = Run) + A2, Y “t v = m,
] Hi
=1 =1

N N
FY’ITLROK’!TLV + ’YVROKz/m - )\mRO Z %Kll/ - )\IJRO Z %Klm
1= " 1=1

:2%%2%-(5{ A+ Rudm)(1 = Ry),v # m.
l
=1

Proof. We will look for a solution of (17) in the following form:

N
FP (w,€) = By(w) <Rk + Z J€Wm fem + 0(€)> : (20)

m=1
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Substituting (20) and the expansion e/*“m = 1+ jew,, +o(¢) into (17), we obtain

N N
_432 (W) (RO + Z j€w7nf0m> Z (Arn + Vrnxrn + @2 Z Hm Z jewufmu

m=1 m=1 v=1

N
O0Po (W
+¢2 ZMmR +]€Z7m R0+]€Zwuf0u 8'2}( )+0(€):07
m=1 m
N
m=1

- j€¢2 (W)Rown’Ynxn + Do (W)()"ﬂ + ann) Z wVfOl/

P
ij'ynRoaaiEw) +o(e)=0,n=1,N.

1
Using equality (11) and multiplying the above equation by ————, we obtain
jedo(w)

2

m=1

M) =

R, AvWy — fhn Z Wy fny — Royynwnwn,
v=1 v=1
N
dwy,
-+ ()\n +"}/n1'n) Zw,/fol, — ’YTLRO;()/)VUJ — O’n = ]_’N
v=1

The solution of Eq. (21) is as follows:

N N
1
Bafov) = exp {—2 > szw} , (22

m=1v=1

where the quantities K,,, are elements of the covariance matrix K = {K,,, }.
Substituting (22) into (21), we rewrite (21) as follows:

N
Z A +’Y’mxm Zwl/f()l/ Zumzwl/fmy'i_ Z’YmROZwV mV—O
m=1

N N N
Rn Z >\qu - Mn Z wl/f’l’LIJ - RO'Yn:Enwn + ()\n + 'ynxn) Z wl/fOV (23)

v=1 v=1 v=1

N
+ ’YnRUZwVKnV:07n: 1,N

v=1

Z A +'7mxm Zwyf()l/ + Z Mmemeu + Z RO ()/)awn =
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From the system (23) it follows that we can write the following equalities:

Ry — Rovnxn + RovnKnn — .Unfnn + ()\n + 'Ynxn)fOn =0,v=n,

(24)
R’I’L)\I/ + RO’YnKnU - /J/nfm/ + ()‘n + ,)/’I’an)fOV = 07 v 7é n.
We then rewrite (24) as
n B R,
fnn = Ri — Rn(l - RO) + UKnn + 7.](‘0”71/ =n,
fnu = Rnl + Tn OKTW + RincOmV 7é n.

Summing equations of the system (17) and using expansion e/ = 1+ jew,, +

(jewm)®

5 + o(€?), we get the relation

]E’LUm - \2 al 6F0(W76)
jGZ/\ Wy, + 5 ZF w,€) + (je) Z’ymwmaT

m=1

. 2
o S (10 = 252 ) Folw. )+ ofe) =0,

m=1

Substituting in the above equation expansion (20) and dividing each part of
this equation by je, we obtain the following equation for the function @o(w)

N . 9 N N N -2
3 A <wm + ]“;m> 3 (Rm +jeZwyfmy> Y (wm - ]eg’m) Ry
v=1

m=1 m=1 m=1
N jewfn ’ N
- ZP)’mxm wm_T JEZwVfOV
m=1 v=1

0Po (W) /0wy,
Pa(w)

N
+j€ > YmwmRo o(e) = 0.

m=1

Using Eq. (14), we divide both sides of it by je and take the limit ¢ — 0. We
then have:

al al a¢2(w)/8wm
mzjl A (1 = Ro)w?, + mZ:l VmRome
N
Z TmTmWm Z wy for — Z Am Wi, Z Z Wy, flu.
m=1 v=1 I=1v=1
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Substituting (22), we have

N
> Am(l = Ro)w Z Y Rowm Z Koy,

m=1

N
= 2 InTmtm Z W, fou = Z Amtm Z Z Wy fiv-
m=1 = I=1v=1

We get the system of equations for K,,,,m = 1, N,v = 1, N. Considering
the above equation

N

/\m(l - RO) - ’YmROKmm = ’memem - )\m Z flmv v=rnm,
=1

N N
- RO(’YmeV + ’YVKum) = _)\m Z flv - )\u Z flm + ’memel/ + ’Yuxl/mev v 7& m
=1 =1

and then, substituting (25), it can be rewritten as

N N
R
Y RoKomm — AnRo ) lllem = A1 = Ro)(1 = Rp) + 22, u—; v=m,
=1 =1

N N
YmBoKmy + v RoKym — AmRo Z l](lu - MRy Z lKlm
= M = M
Ry
- 2)\m)\uzu— — (RmAy + RuAn)(1 — Ry),v # m.
1
1=1
Thus, the proof is completed.

Replacing (18) to (16) and (15), we can write expression for approximation
the partial characteristic function at small values of o:

N
Hk(u)%Rkexp{ijm Zz\f m,,f} k=0,N.

m=1 'mlul

Summing up all values k£ = 0, N, we obtain an approximation of the characteristic
function of probability distribution of number customers in the orbits

H(u)zexp{jz:xm— ZZ\F mV\f}

Thus, the number of customers in the orbits in the multiclass retrial queueing
system is asymptotically Gaussian.
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Table 1. The model of parameters

The rate of arrival flow,\,, | The service rate, pn | The rate of a delay in the
orbit, oy, = oyn

AL =0.7 g1 =2 o1 =0.01

A2 = 0.6 p2 =3 oo = 0.02

A3 =0.5 puz =4 o3 = 0.03
4 Example

We consider particular: n = 3 (Table 1).
Given these values row-vector

X = [1’1 T2 1'3]

and row-vector
R = [RO Ri Ry Rg]

are defined as:
X = [1.454 0.623 0.346] ,R= [0.325 0.350.2 0.125} .
Finally, we specify the matrix covariance

2.963 0.739 0.428
K = [0.739 1.018 0.241
0.428 0.241 0.497

Using these parameters, we find mean k; and variance ko of total number of
customers in the orbits:
Tt Tyt K1 + Koo + K33 + 2K13 + 2K13 + 2K93

R1 = s 2
g g

for o = 0.01. Let us denote normal distribution function with moments x; and ks
by F(z), P(i) be discrete distribution of nonnegative quantity which is defined
by

P(i) = (F(i +0.5) — F(i — 0.5))(1 — F(=0.5))"',i > 0.

The graph of asymptotic probability distribution P() of total number of cus-
tomers in the orbits is given in Fig. 1.
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P(1)
5}10 | -
0 1 1
0 200 400 600

1

Fig. 1. Graph of distribution P(%)

5 Conclusion

In this paper, we considered a multiclass retrial queueing system. Equations
for characteristic functions of the multi-dimensional probability distribution of
the numbers of customers in the orbits are obtained. We then used the method
of asymptotic analysis under condition of a long delay customers in the orbits
to find the limiting probability distribution of the number of the customers in
the orbits. This probability distribution turned out to be Gaussian. We as well
derived the expressions for mean and stationary probability distribution of state
server. Equations are obtained for finding the elements of the covariance matrix.
In particular, we considered case n = 3. We obtained the values of mean and
variance of total number of customers in the orbits. Graph for the probability
distribution of the total number of customers in the orbits is given.

In the future it is planned to research a multiclass retrial queueing system in
which service times of customers in a class follow an arbitrary distribution.
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