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In this paper, we study a new retrial queueing system with N classes of customers, where
a class-i blocked customer joins orbit ¢. Orbit ¢ works like a single-server queueing system
with (exponential) constant retrial time (with rate ,uf)l)) regardless of the orbit size. Such
a system is motivated by multiple telecommunication applications, for instance wireless
multi-access systems, and transmission control protocols. First, we present a review of
some corresponding recent results related to a single-orbit retrial system. Then, using a
regenerative approach, we deduce a set of necessary stability conditions for such a system.
We will show that these conditions have a very clear probabilistic interpretation. We
also performed a number of simulations to show that the obtained conditions delimit the
stability domain with a remarkable accuracy, being in fact the (necessary and sufficient)
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stability criteria, at the very least for the 2-orbit M/M/1/1-type and M/Pareto/1/1-
type retrial systems that we focus on.

Keywords: Retrial system; constant retrial rate; stability condition; regenerative
approach; busy probability; multi-class system.

1. Introduction

In this paper, we first consider the single-class GI/G/m/K-type retrial queueing
system with a constant retrial rate po. The external (primary) arrivals follow a
renewal input with arrival epochs {t,} and rate A\. The system has m identical
servers, and customers have i.i.d. service times {S,}, with a generic element S
and rate p := 1/ES. If a customer finds all m servers busy and the buffer (of size
K —m < oco) full, it joins an infinite-capacity orbit, where only one orbit customer
attempts to rejoin the primary queue after exponentially distributed time intervals
with rate po (if the orbit is not empty). Such a model is referred to as a retrial
model with constant retrial rate. It then follows that the orbit can be interpreted
as a single-server - /M /1-type queue with service rate g, and with the jobs rejected
from the primary queue as input. We stress that the merged stream to the orbit
is in general not a GI-type arrival stream, since it is a combination of the rejected
part of the primary customers and the secondary customers returning to the orbit
after unsuccessful attempts to enter the primary queue. Note that the only possible
source of instability of such system is an infinite growth of the orbit size.

Second, we consider a multi-class extension of the single-class model where each
class has its own orbit. As is typically the case, the stability analysis of a multi-class
system is much more challenging than that of the single-class variant. In the present
work, we conjecture a necessary and sufficient stability condition for the multi-class
multi-orbit retrial system with one server and constant retrial rates. We prove that
the condition is necessary, and we provide strong indications by simulation that the
condition is also sufficient.

Single-class retrial systems with constant retrial rate have been investigated
in a large number of contributions. Not pretending to be exhaustive, let us men-
tion some relevant articles. Fayolle (1986) introduced a retrial system with con-
stant retrial rate, and derived stability conditions for the case of an M/G/1/1
primary queue. Artalejo (1996) has obtained stability conditions for the Markovian
M/M/2/2 case. Ramalhoto and Gémez-Corral (1998) have deduced stability condi-
tions for the M /M /1/2 case. For the general Markovian M /M /c/K case, Ramalhoto
and Gémez-Corral (1998) have obtained decomposition results assuming ergodicity
(stability). The ergodicity conditions for the multiserver Markovian M /M /c/c case
with recovery probability have been derived by Artalejo et al. (2001). Finally, a
sufficient stability condition of the general single-class retrial system with constant
retrial rate described above is obtained by Avrachenkov and Morozov (2010), which
also turns out to be a necessary one for Markovian systems.

Retrial systems with constant retrial rate can be adopted to model a range of
telecommunication systems, such as a telephone exchange system (Fayolle, 1986),
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multiple access systems (Choi et al., 1992, 1993), short TCP transfers (Avrachenkov
and Yechiali, 2008, 2010), as well as logistic systems (Lillo, 1996). Multi-class multi-
orbit retrial systems are natural extensions of these applications for customers with
different quality of service requirements.

The paper is organized as follows: in Sec. 2 we give a review of some related
previous results (obtained mainly by the authors) concerning the analysis of a one-
class (one-orbit) system. In Sec. 3, we develop the stability analysis of a multi-orbit
system, and deduce necessary stability conditions for such a system. Finally, in
Sec. 4, we present simulation results which demonstrate a remarkable consistency
with the theoretical results, and show that the observed conditions are very likely
to be necessary and sufficient stability criteria (at least for the considered systems).

2. Preliminary Results

First, we introduce a more precise notion of stability, by means of the regenerative
property of the system. For the GI/G/m/K-type retrial system mentioned above,
we consider the (right-continuous) process X = {X(t) := N(¢) +v(t),t > 0}, where
at instant ¢, N(¢) is the number of customers in the orbit (the orbit size), and v/(t)
represents the total number of customers in the servers/buffer. Of course, v(t) < K,
while the orbit size N(¢) can be unlimited. Denote by X,, = X (¢,,) the total num-
ber of customers just before the nth primary arrival, n > 1. Then regeneration
epochs {T),} of the processes {X (¢)}, {Xx} (and other processes describing the sys-
tem) occur when a primary arrival meets an empty system. Therefore, regeneration
epochs can be defined recursively by the following standard way:

Tn+1:i2f(tk >T,:Xg=0), n>0(inf=o0). (1)

Let T be a generic regeneration period under a zero initial state, i.e., T' = inf(t; >
0: X, =0]X; =0) provided ¢; = 0. The process X is called positive recurrent if
(Morozov, 2004; Sigman, 1990)

ET < oo. (2)

If (2) holds, then under mild regularity assumptions (say, if the input is Poisson)
the stationary distribution of { X (¢)} (and other related processes) exists as t — 0o
(Asmussen, 2003).

Let us now consider the basic bufferless M /M /1/1-type retrial system (denoted
as ). In this case the pair Y'(¢) := (N(t),v(t)) is an irreducible Markov process
with state space S = Z; x {0,1}. We denote by

P = lim P(N(t) =i:u(t) = j}. (i.j) €5, 3)

its stationary distribution, when it exists. The total number of unsuccessful attempts
to enter the server is a superposition of the blocked (primary) A-customers and
the unsuccessful attempts of the secondary (orbit) customers. Denote by Phusy =
lim; oo P(v(t) = 1) the stationary busy probability of the server. It follows from
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the explicit form of the distribution (3) by Artalejo et al. (2001) that the stability
criterion of this Markovian system is given by

()‘ + /J'O)Pbusy < Ho, (4)

where Ppysy = El P;1. To give an intuitive explanation of this result, we consider
a more general M/G/1/1-type retrial system (again denoted as X), and also an
associated auxiliary system (denoted as 3) which consists of a first M/G/1/1 system
where the input is a superposition of the same A-input and a Poisson input with
rate po, and a second -/M/1 system (the virtual orbit) whose input is the stream
of jobs blocked at the first system. Because the server in the first system of ¥ is
more loaded, one expects that the rate of blocked jobs in S is larger than the rate
of unsuccessful attempts in the original system Y. Then it is easy to see that the
following condition must imply the stability of the virtual orbit, and hence, as shown
by Avrachenkov and Morozov (2010), the stability of the real orbit in the original
system X

()\ + /JO)Ploss < Ho, (5)

where P)oss is the stationary loss probability in the first system of S, It is proved
by Avrachenkov and Morozov (2010) that even a general GI/G/m/K-type retrial
system is indeed stable under condition (5). Moreover, condition (5) is in particular
also the stability criterion for a system with Poisson A-input. On the other hand, it
is proved by Morozov and Nekrasova (2012) for a bufferless M/G/1/1-type retrial
system (also see Theorem 1 below) that

Phusy = AES == p. (6)

(Note that by the PASTA property, Prusy is also the stationary blocking probability
Porb of primary customers.) Finally, using Erlang’s formula for the first loss system
of X, we have

A+mo)/pw At (7)
L+ A+ po)/p p+ X+ po
A bit surprising but easy to check is that for the M/G/1/1-type retrial system,

conditions (4) and (5) are in fact equivalent and can be written in the form (setting
A = 1 without loss of generality)

Ploss -

1
_+1<,u7 (8)
Ho

which is easily adopted to numerical investigation of the stability region, by varying
the two parameters po and p (see Fig. 1). Again, using Erlang’s formula and stability
condition (5), it is shown by Morozov and Nekrasova (2012) that the M/G/2/2-type
retrial system (with rate A = 1) is stable if 4 > 1/2 and
PV 2p =141 —p —p
> . 9
Ho 2% —1 9)

Figure 2 illustrates the stability /instability region for such a 2-server system.
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Fig. 1. Stability/instability zone for the M/M/1/1-type system with A = 1.
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Fig. 2. Stability/instability region for the M/M/2/2-type retrial system with A = 1.
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Note that as ug — oo, condition (10) approaches the stability criteria p < 1 of
the classical M/G/1/oo system. If pg — 0, then p(1 + A/pp) — oo, and thus the
system becomes unstable for any p > 0. Both these results are intuitively clear.

As it has been mentioned, retrial systems with renewal input have a regenera-
tive property. Again, consider the general GI/G/m/K-type retrial system, and let
{#n}n>0 be the instants when all attempts (successful or not) happen (note that the
external renewal input epochs {¢,} C {z,}). Recall that the process X describes the
total number of customers in the system (in servers, buffer and orbit), and denote
X(z,) = Xn,n > 1. It is evident that the process X := {Xn} regenerates at

the instants when a A-customer meets an empty system. That is, the regeneration
instants {3, } are defined by the standard recursion

Buy1 =inf{k> B, : Xp =0}, n>0 (8 :=0). (11)

These regenerations (as well as regenerations (1) in continuous time) allow us to
develop both the stability and performance analysis of the retrial system. Thus,
if the stability condition (5) holds, then the regenerative process X is positive
recurrent; i.e., the mean cycle length Ef5 < oo.

When the opposite condition (A + 110)Pioss > po is satisfied, the orbit increases
with no limit as time increases. Thus, after an (finite w.p.1) instant ¢, the orbit is
always nonempty and the stream of attempts going from orbit to server is coupled
with the Poisson input with rate po. In this case, the process X is not positive
recurrent (in fact, it is strongly unstable), and it is impossible to use the regenerative
methodology. Hopefully, in this case we can use the so-called quasi-regenerations to
evaluate/estimate the blocking probability Po.,. Denote v, = v(t; ). The quasi-
regenerations are defined as instants when an arriving A-customer meets an empty
buffer and server(s), while the state of orbit is arbitrary. More precisely, if ag := 0,
then the quasi-regeneration instants are defined as follows:

apy1 =inf(k > @, v =0), n>0. (12)

Applying such quasi-regenerations for a reliable estimation of Py, in the nonsta-
tionary system Y has been discussed, by Avrachenkov and Morozov (2010) and
Avrachenkov et al. (2011). It was shown that the distribution of the state of server
in the original M/G/1/1-type retrial system approaches that in the associated aux-
iliary system ) (with two independent Poisson inputs with rates A and p). In other
words, starting from instant ¢y, quasi-regenerations become classical regenerations
of the process {v(t),t > 0}, solely describing the state of the server. As shown by
Avrachenkov et al. (2011) and Morozov and Nekrasova (2011), quasi-regenerative
simulation demonstrates a remarkable accuracy of the estimation of blocking prob-
abilities in M/M/1/1-type and M/Pareto/1/1-type retrial systems. We stress that
in the nonstationary regime, Py, = Pioss, and hence we can compare simulation
results with the explicit value of P, satisfying (7).

We now deduce an expression for the stationary busy probability Ppusy in the
multiserver retrial system in an explicit form. Since the servers are equivalent, we
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use a uniform distribution to assign a server (among the free ones, if any) for an
arriving customer (primary or retrial). Denote by B;(¢) the busy time of server i
in interval (0,¢], then from the previous assumptions it follows that the processes
B;(t) are stochastically equivalent, ¢ = 1,...,m. Thus, if the limit exists, we can
write

B;
Pbusy = thm (t)

— 00 t

i=1,...,m. (13)

)

Note that in all statements below, stability means positive recurrence of the process
X and other related regenerative processes in the system (i.e., positive recurrence of
the system, for short). Because the (short) proof of the following statement obtained
by Morozov and Nekrasova (2012) is very instructive, we reproduce it here.

Theorem 1. Assume that the GI/G/m/K -type retrial system is stable. Then the
following relation holds:

p = AES = mPpusy, (14)

where Pyusy s given in (13).

Proof. Denote by V (¢) the total workload that has arrived in the system in interval
(0,t], and let W (¢) be the remaining workload (in orbit and in servers/buffer) at
instant ¢. The busy time of all servers, in interval (0,¢] is B(¢t) = >_1", B;(t). Then
we obtain the following balance equation:
V(t)=W(t)+B(t)=W(t)+ Y _ Bit), t=>0. (15)
i=1
Let A(t) be the number of arrivals in interval (0,¢], and note that

A(t)

V(t)=> Sk, (16)
k=1

where Sy, is the service time of customer k. By the strong law of large numbers, we
have V(t)/t — AES := p. By positive recurrence, W (t)/t — 0 as t — oo w.p.1 (or
W (t) = o(t)) (Smith, 1955), and also the following limit lim, .., B;(t)/t exists and
is equal to the stationary busy probability of (arbitrary) server ¢ = 1,...,m. That
is, formula (13) holds. It then immediately follows from (15) that p = mPpysy, and
the proof is completed. |

It is interesting to note that the same result (14) holds in stationary regime for
the classical m-server system with no losses. However, its stability condition p < m
differs from the necessary stability condition p/m < 1 for the retrial system, which
comes from the requirement Py, < 1. We stress that our result is independent of
the retrial rate po. (But of course, the orbit service rate o plays an important role
to guarantee positive recurrence.)
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3. Multi-Orbit System

This section is devoted to a multi-class multi-orbit retrial system with constant
retrial rates. Extending the analysis of the previous section, we consider now the
m-server retrial system with IV classes of customers and N orbits. In general, class-
1 customers follow a renewal arrival process with rate \;, have i.i.d. service times
{Sﬁi),n > 1} with rate u; = 1/ES; and, provided the buffer is full upon arrival,
join an i-type orbit, ¢ = 1,..., N. Thus, there are N different orbits with retrial
customers, and the i-orbit behaves like the orbit of the single-class system discussed
above, with service rate ,u((f). Let p; = N/, i = 1,...,N. In order to apply the
previous analysis, we assume that the model has regeneration instants (1) and (11).
In general, there is a difficulty to construct regenerations for a superposition of
renewal processes in continuous time, therefore we will assume that it is nonetheless
possible in our setting, and again denote by T" a typical regeneration period. There
are mild assumptions to guarantee the existence of such regenerations (Asmussen,
2003). For instance, note that this is a valid assumption in case of Poisson inputs.

To establish a necessary stability condition for the multi-class system, we first
need the following result.

Theorem 2. If the N-orbit retrial system is stable (positive recurrent) then

N
Zpi = meusy; (17)
i=1

where Pyusy s given by (13).

Proof. Denote by A;(t) the number of i-class customers that arrived in the interval
(0,t],4=1,...,N. Then, adopting a similar notation as before, we find that

N Ai(t) ‘
vin =) > s,
i=1 n=1
and it follows that w.p.1
N
V(t)
i V=5 a
Then the balance equation (15) implies (17). O

Thus, the basic necessary stability condition of this system is

N
> pi<m, (19)
=1

which is the stability criterion for a classical infinite buffer system with N (Poisson)
inputs and m servers.
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We note that for Poisson arrivals (invoking the PASTA property), the probability
Piusy is also the stationary blocking probability for arriving primary customers.

We start from the observation that stability condition (4) for a single-class
M/G/1/1-type retrial system can be written as

/\Pbusy < ,UO(1 - Pbusy)a (20)

which has a nice intuitive interpretation. Indeed, in a stable regime, the left-hand
side is the rate of the (primary) blocked customers, while the right-hand side is the
rate of the orbit customers which successfully enter the server.

As the following Theorem 3 shows, this result is generalized (as necessary stabil-
ity conditions) to a retrial system with IV orbits and N-classes of primary customers,
where the ith class customers are generated by a Poisson arrival stream with rate
A and have retrial rate uéz),i =1,..., N, in the orbit.

Theorem 3. Assume that the N-class M /G/1/1-type retrial system with N orbits
1s positive recurrent. Then the following conditions hold:

N N
i=1 i=1

Proof. Recall the notation B(t) for the server busy period introduced before, and
note that, in view of the Poisson inputs, the number of the blocked i-class customers
arriving to orbit ¢ in interval (0,¢] is stochastically equivalent to A;(B(t)),i =
1,...,N. More precisely, for each ¢, we couple together all busy (sub)periods of
type i (in interval (0,¢]) to obtain a busy time “period” of total length B(t). Then
the Poisson process which is formed by all (blocked) i-class customers arriving
during period (0, B(¢)] is equivalent to A;(B(t)),i = 1,...,N. Denote by D;(t)
the number of renewals in the (Poisson) process with rate uéi in interval (0,],
t=1,...,N. Note that the actual (successful) departures from orbit ¢ happen only
when the server is empty and orbit i is not empty. Hence, the number of departures
from orbit ¢ (in interval (0,¢]) is equivalent (again by the PASTA property) to
D;(t — B(t) — I;(t)), where I;(t) is the total empty time of orbit i within the empty
periods of the server in interval (0,t],i =1,..., N. Moreover, we have the following
balance equations:

Ai(B(t)) =5t Ni(t) + Di(t — B(t) — L;(1)), (22)

where =g represents stochastic equivalence. Recall that N;(¢) is the size of orbit 4
at instant ¢,7 = 1,..., N, then from the positive recurrence property (i.e., stability),
N;(t) = o(t) as t — oo w.p.1 for each ¢ (Smith, 1955). Moreover, by the same reason,
it follows from regenerative theory that for each cumulative process {I;(t),t > 0},
the following limit exists w.p.1:

L(t) EI

dm == =g = (23)
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where I; is a typical empty period of orbit ¢ within the idle period separating two
adjacent regeneration cycles. We now show that min; ; > 0. Denote by \S; a typical
service time of customer j (with a given distribution function Fj), and select a
constant d; < 0o in such a way that

Fj(dj) = P(S; < dj) > oy,

for arbitrary fixed o; > 0,7 =1,..., N. Note that this is possible since max; ES; <
oco. Denote further A = Zfil A; as the rate of the merged input, and let 7 be a
typical interarrival time of this input. Assume that a regeneration period is started
by a j-class customer which of course enters the server. Note that this happens with
probability

Cj = = jzl,...,N.

Given this event, the probability that the next customer again meets an empty
system (i.e., starts a new regeneration period), provided that the whole system has
been empty (before his arrival) during a time period not less than some 6 > 0,
satisfies the inequality

P(r—S; >6) > / e~ @TIAGR (z)
0

> e WtDhg, =1y > 0. (24)
It is easy to see that for any 1,

EL, > 0P(I; > ) > 52&” =7r >0, (25)

and hence, v; > r/ET > 0. Now we apply the strong law of large numbers to obtain

w.p.1, as t — o0,

AB(t) _ Ai(B(1) B(t) AP
; 7 usy»

t B(t)
Dit=BO) _ Dt —szgt» E=BO) (1 by ud, =1, N, (6
Moreover,

D;(t — B(t) — I;(t)) = D;i(t — B(t)) — D;(1;(t)).

Since I;(t) — oo, we then have

- Di(L®) . D) L) ) .-
tlig)lcf_tliglo_hi(t) p ZHO ’)/i>0, Z—l,...,N.
It therefore immediately follows from (19) and (22) that (21) indeed holds. m|

Remark 1. Note that the basic stability condition (19) with m = 1 follows imme-
diately from the more tight condition (21).
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Remark 2. We have stated above a few times a commonly recognized result, being
that under positive recurrence (stability) conditions, the inequality Ppusy < 1 holds.
Indeed, using the previous proof, one can give strict regenerative arguments to
verify this statement. Namely, the mean empty time of the system (before a new
regeneration cycle starts) is lower bounded by a positive constant r see Eq. (25).
Denote by I(t) an empty time of the system in the interval (0,¢]. Then, by positive
recurrence and the property of Poisson inputs, the following limits exist:

. I(t) EI )
A == = g = Po = Jim PIX(0) = 0),
where [ is a typical empty period between two regeneration cycles. On the other

hand, it is easy to see that » < EI. This implies that Pg > 0 and hence, Ppusy < 1.

As the simulation results in Sec. 4 will show, the stability conditions (21) are,
in fact, the (necessary and sufficient) stability criteria, at least for the considered
2-class retrial systems. To support these observations, we note that B(t) < V()
and V(t)/t — >, pi regardless of the regime of the system. In particular, this holds
if the system is not positive recurrent, implying ET" = co. (Note that in this case
we cannot claim that W (t) = o(t), N;(t) = o(t),t — oo, and the previous analysis
based on balance equations such as (15) becomes useless.) Nevertheless, we may
deduce from A;(B(t)) <s A;(V(¢t)) that the following upper bound for the input
rate to orbit ¢ holds:

A AVE)VE .
hirisogp ; StlggCWT—A i pi, i=1,...,N. (27)

On the other hand, the maximal long-term output from orbit ¢, that is, the potential
rate of the (successful) attempts of orbit-i customers from a permanently nonempty
orbit is lower bounded by

lim inf 7Di (t— B(1))
t—o00 t
i D;(B
= tlim ®) — limsup 7( ; ®))
—o0 t—o00

W . Di(B(t)) B(1)
= pp —limsup —prT =

B(t) )
_NO) ,u(())hmsup i >,u0< sz>, i=1,...,N. (28)

To obtain the last equality, we use the convergence w.p.1 B(t) — oo. Moreover, to
obtain the last inequality in (28), we rely on the following observation. While in the
stable regime, we may write (see, for instance (15)),

AU, @ => pis (29)

t—oo t—o0 -
i
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while in the nonstable regime, we obtain the inequality

. B(t) 4

h?f;gp < Xi:pz, (30)
because the orbit customers accumulating into an infinitely increasing orbit size
actually cannot reach the server in a finite time, and in fact “disappear” (lost).
Thus, under conditions (21), as follows from (27)—(30), the long-term input rate to
(each) orbit is less than the potential long-term output rate from the (“saturated”)
orbit. This exactly corresponds to what happens in a classical system under the
typical stability (negative drift) condition. It indicates that conditions (21) must
also be sufficient stability conditions. Although we may deduce from this discus-
sion that each orbit does not increase unlimitedly (in a sense), however, increasing
asynchronous oscillations of different orbits are still possible, in principle. This in
turn, does not allow one to uniformly upper bound all orbits sizes and, as a result,
to establish stability.

4. Simulation Results

In this section, we present some numerical results which show that conditions (21)
are not only necessary, but in fact are stability criteria, at least for the considered
2-class (2-orbit) M/G/1/1-type retrial systems. This is verified for exponential and
Pareto service time distributions. For such a stationary system, using previous nota-
tions, we have Pyyusy = p1 + p2 and, by Theorem 3, necessary stability conditions
are

AL Pbusy < (]- - Pbusy)lffél)a (31)
)\2Pbusy < (1 - Pbusy)ﬂé2)' (32)

We counsider a particular case, u1 = po := p. The stability /instability region of
such an M/M/1/1-type system with parameters A\; = 0.5 and Ay = 4 is plotted
in Fig. 3. The values of parameters (u, uél), ME)2))7 when condition (31) holds, while
condition (32) is violated, is shown by the inclined hatching zone on Fig. 3 (i.e., the
intermediate region between the two full curves). To obtain the opposite case, one

can take, for instance, u = 15, uél) = 0.01 and ,ugf) = 4. Define the stability measure

of orbit 7 as [see (32)]

I =1 — Py A , i=1,2. (33)
(2)
Ho
By analogy we can define the corresponding instability measure I'D = —T(),

i=1,2.
As simulation shows, these measures allow to delimit stability /instability regions
with a remarkable accuracy.
We study the dynamics of the orbits depending on the value of the above intro-
duced measures. Figures 4-7 show the dynamics for the M /M /1/1-type system with
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Fig. 3. Stability /instability region for the 2-class M /M /1/1-type system with A1 = 0.5 and A2 = 4.

[} 500 1000 1500 2000 ll’,

Fig. 4. Orbit dynamics for the 2-class M/M/1/1-type system with I'(") = 0.493, I'® = 0.1 and
= 10.

1440002-13



AsiaPac. J. Oper. Res. 2014.31. Downloaded from www.worldscientific.com
by Evsey Morozov on 06/11/14. For personal use only

K. Avrachenkov et al.

30

0

60

50

L}

t

50 100 150 200

Fig. 5. Orbit dynamics for the 2-class M /M /1/1-type system with (1) = 0.493, I'(®) = —0.05 and

w=10.
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Fig. 6. Orbit dynamics for the 2-class M /M /1/1-type system with (1) = 0.504, ['(?) = —1.25 and

w=10.
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Fig. 7. Orbit

pn=2.5.
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dynamics for the 2-class M/M/1/1-type system with I'(1) = —3.05, I'?) = —8 and
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A1 = 0.5, o = 4 and different T, For instance, as Fig. 4 shows, both orbits are
stable due to T > 0,73 > 0.

Figures 5 and 6 demonstrate the situation when '™ > 0, I'®) < 0, that is, when
only the 1st orbit satisfies the stability condition. It is expected that the 1st orbit is
stationary, while the 2nd one will be unstable, and this is confirmed by the results
shown in these figures. Moreover, as Fig. 6 shows, the 2nd orbit evolves faster to
infinity compared to the case presented in Fig. 5. This can be explained by the
larger value of the instability measure e, Finally, as Fig. 7 shows that both orbits
become unstable when both conditions (31) and (32) are violated, that is T") < 0
and I'® < 0.

In addition, Figs. 8 and 9 demonstrate the dynamics of the orbits for the 2-class
M/ Pareto/1/1-type system with Pareto service time complementary cumulative
distribution function P(S > z) = (x/x0)™%, > xo (with the scale parameter

0 AT T Il L 1 LN I T T N ] —lll

] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Fig. 8. Orbit dynamics for the 2-class M/Pareto/1/1-type system with I'1) = 0.04, I'?) = —9
and p = 0.875.

- — Ny(t)
—Ny(t)

20 A

15 4

10 4

0 1000 2000 3000 4000 5000 6000 T000 8000 2000 10000

Fig. 9. Orbit dynamics for the 2-class M/Pareto/1/1-type system with I'(1) = —9, 2 = 0.006
and p = 0.875.
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2o = 1 and the shape parameter @ = 8) with input rates A; := 0.1, Ay := 0.7 and
service rate p = (o — 1)/(axo) = 0.875. Again these results are consistent with the
observed stability conditions.

Thus, as simulations show, conditions (31) and (32) are, in fact, stability criteria
for (at least) the 2-class retrial systems considered here.

5. Conclusion

In this paper, we have considered a retrial queueing system with N classes of cus-
tomers in which a class-i blocked customer joins orbit i. Orbit ¢ operates as a
single-server queueing system with exponential service time with rate ,ug), which
is indeed the constant retrial rate of orbit i-class customers in our model. We have
obtained the necessary stability conditions of such a system, expressed in terms of
the system parameters that are given. Interestingly, these conditions have a clear
probabilistic interpretation. Simulations demonstrate that these condition allow to
delimit the stability region with a remarkable accuracy. These results, combined
with some key observations concerning the retrial system, strongly indicate that
these conditions are indeed the stability criteria, at least for the considered 2-orbit
M/M/1/1 and M/Pareto/1/1 systems.
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