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We consider a single server system accepting two types of retrial customers, which arrive
according to two independent Poisson streams. The service station can handle at most
one customer, and in case of blocking, type i customer, ¢ = 1,2, is routed to a separate
type ¢ orbit queue of infinite capacity. Customers from the orbits try to access the server
according to the constant retrial policy. We consider coupled orbit queues, and thus, when
both orbit queues are non-empty, the orbit queue i tries to re-dispatch a blocked cus-
tomer of type ¢ to the main service station after an exponentially distributed time with
rate p;. If an orbit queue empties, the other orbit queue changes its re-dispatch rate
from p; to p. We consider both exponential and arbitrary distributed service require-
ments, and show that the probability generating function of the joint stationary orbit
queue length distribution can be determined using the theory of Riemann (—Hilbert)
boundary value problems. For exponential service requirements, we also investigate the
exact tail asymptotic behavior of the stationary joint probability distribution of the two
orbits with either an idle or a busy server by using the kernel method. Performance
metrics are obtained, computational issues are discussed and a simple numerical example
is presented.
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1. INTRODUCTION

The study of queues with coupled processors was firstly investigated by Fayolle and Tasno-
gorodski [29] (see also [30]), who analyzed two coupled servers in parallel with exponential
service times. To gain quantitative insights about the queueing process, they derived a solu-
tion for the generating function of the stationary distribution of the underlying Markov
process describing the number of jobs in both queues using the theory of Riemann—Hilbert
boundary value problems.

Motivated by their work, Cohen and Boxma [17], Cohen [18-20], Boxma and Groe-
nendijk [14], Boxma [15], Feng, Kowada, and Adachi [31], Avrachenkov, Nain, and Yechiali
[7] (see also [1,35,36,54], not exhaustive list) gave important generalizations and detailed
analyses for various two-dimensional queueing models with the aid of the theory of Riemann
(-Hilbert) boundary value problems. In particular, a detailed study of the methodological
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approach was presented in the monograph by Cohen and Boxma [17]. In [17], a coupled
processor model for the case of generally distributed service times was investigated. Resing
and Ormeci [50], analyzed a tandem queue with two coupled processors and determined the
bivariate generating function of the stationary joint queue length distribution in terms of
the solution of a Riemann—Hilbert boundary value problem. Computational issues of this
problem were investigated in [55] (see also [23]). Recently, the Laplace-Stieltjes transform
of the joint stationary amount of work in the system in a coupled processor model with
simultaneous arrivals was studied by Badila and Resing [9].

Applications of coupled processor models arise in several situations in which coupling
derives from resource sharing. Most of them can be found in telecommunications such as in
data transfer in bidirectional cable and data networks [55], in bandwidth sharing of data
flows [36], in the performance modeling of device-to-device communication [58], in wire-
less communications to model the complex interdependence among transmitters due to the
shared medium and/or to interference [10,11,13,51,56], as well as in assembly lines in man-
ufacturing [2]. In cellular networks, we may consider a system consisting of two neighboring
cellular base stations. A base station serves its associated users accordingly, however, if it is
idle, that is, there are no active users, it may assist the neighboring base station by serving
its users. Coupled processor models were also recently applied in the performance analysis
of ad-hoc networks to capture the dependencies between user achievable rates due to shar-
ing of the wireless transmission medium [12,56,57]. In manufacturing, Andradottir, Ayhan,
and Down [2] used a coupled processor model to increase the throughput of an assembly
line with two stations. There, when a station empties, it helps the non-empty station to
decrease its processing time.

In this work, we focus on the analysis of a retrial queueing system with two independent
exogenous Poisson streams flowing into a common buffer that can hold at most one job. If
a type-i job finds the server busy, it is routed to a separate retrial (orbit) queue from which
jobs are re-transmitted at an exponential rate and under constant retrial policy. Contrary
to the model in [7], we assume that the re-transmission rate of an orbit queue, depends on
the presence/absence of jobs in the other one.

Retrial queues have been extensively studied in the past (e.g., [3-5,25]). Single class
retrial systems under constant retrial policy were investigated in [6,8,21,22,24,27,28] (not
exhaustive list). The important feature of this work is the two-class setting under constant
retrial policy with coupled retrial rates. Clearly, there have been very limited results in retrial
queueing literature with multiple classes of retrial customers. A two-class retrial system with
arbitrary distributed service requirements and classical retrial policy was firstly analyzed in
[40], whereas the extension to an arbitrary number of retrial customers was investigated in
[26]. Moutzoukis and Langaris [44] introduced a non-preemptive priority mechanism in the
[26,40], while more recently, Langaris and Dimitriou [41] investigated a multiclass retrial
queue with many phases of service. In all the above-mentioned works, a classical retrial
policy was used and the authors derived expressions for the expected number of customers
in orbit queues (see also [34]).

In our model, we allow the rate of re-transmission of an orbit queue to depend on the
presence/absence of jobs in the other orbit queue, and using generating function analy-
sis, we conclude in an even general functional equation than in [7]. More importantly, we
investigate the mathematical analysis both for exponential and for arbitrary distributed
service requirements, since the methodological approach that we use for each case is dif-
ferent. In particular, in the former case, the system is described by a three-dimensional
Markov process, while in the latter one, we consider a two-dimensional Markov chain (MC)
at service completion instants. For the model with exponential service requirements, we
also provide a random walk approach using a censored MC. Indeed, our model can be seen
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as a random walk in the quarter plane modulated by a two-state MC. Using the special
structure of the model we can transform it to a usual random walk in the quarter plane
and investigate stability conditions. The joint orbit queue length distribution is derived
by solving a homogeneous Riemann—Hilbert boundary value problem, whereas under cer-
tain assumptions on the values of the re-dispatch rates this problem reduces a Dirichlet
boundary value problem. We also apply the kernel method, developed in [43], and pro-
vide the exact tail asymptotic properties for the stationary joint probability distribution
of the two orbits with either an idle or a busy server. Then, we turn our attention to
the analysis of the model with arbitrary distributed service requirements by investigating
the joint orbit queue length distribution at service completion epochs. Using generating
function analysis, we conclude in a functional equation and based on the approach devel-
oped in Cohen and Boxma [17], we derive the joint orbit queue length distribution at
service completion epochs as the solution of a non-homogeneous Riemann boundary value
problem.

Potential applications of our model may be found in cooperative wireless systems (i.e.,
network-layer cooperation), in which each source user increases its quality of service via
cooperation with other users that “share” the antennas of their devices and assist the
source users to transmit their data to a destination node; for example, [37,48,49]. This
is so-called cooperation with relaying, and the assistant users are called relay nodes. If a
transmission of a user’s packet to the destination fails, the relay nodes (i.e., orbits in the
retrial terminology) store the blocked packet in their buffers and try to re-transmit it to
the destination later. Due to the wireless interference, the re-transmission rate of a relay
node may be affected by the state of the other relay node. Other applications may arise in
the modeling of local area computer networks with bus architecture [7,38-40,46,53].

The contribution of our work is mainly theoretically oriented, since we provide for the
first time in the related literature, a complete analysis of a model that unifies two fundamen-
tal queueing systems: the retrial queue with two orbits and constant retrial policy, and the
model with coupled processors, which are both notoriously hard to study analytically. We
show that the powerful and quite technical boundary value theory is an adequate technique
to handle such an intricate model. An effective way to provide exact tail asymptotic results
is also given.

The rest of the paper is outlined as follows. In Section 2, we describe in detail the
mathematical model and derive the balance equations that are used to form the fundamental
functional equation. By assuming exponential service requirements, Section 3 is devoted to
the derivation of several preliminary results that are necessary for the following analysis.
Necessary and sufficient conditions for the ergodicity of our system are investigated by
using results from the theory of random walk in the quarter plane. Some results on the
zero pairs of the kernel of the fundamental functional equation are also derived. Using
that equation, and by distinguishing the analysis according to the values of re-dispatch
rates of the orbits, we derive the probability generating functions of the joint orbit queue
length distribution for both a busy and an idle server by formulating and solving two
boundary value problems (a Riemann—Hilbert and a Dirichlet boundary value problem) in
Section 4. Performance metrics are also obtained. Exact tail asymptotic properties of the
stationary joint probability distribution of the two orbits for both a busy and an idle server
are investigated in Section 5. Section 6 is devoted to the analysis of the model with arbitrary
distributed service requirements. We prove that the joint orbit queue length distribution at
departure epochs can be obtained as a solution of a non-homogeneous Riemann boundary
value problem. Performance metrics are obtained and computational issues are discussed.
Finally, in Section 7, a simple numerical example is presented to give an insight to the
system’s performance.
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2. MODEL

Consider a single server system accepting two types of customers, where its service station
can handle at most one customer. A type i customer, i = 1,2, arrive according to a Poisson
process with rate \; and if it finds the server busy, it is blocked and routed to a separate type
1 orbit queue of infinite capacity. Otherwise, it occupies the server immediately. Customers
from the orbits try to access the server according to the constant retrial policy (see Figure 1).

We consider coupled orbit queues in the sense that when both orbit queues are non-
empty, the orbit queue i tries to re-dispatch a blocked customer of type i to the main service
station after an exponentially distributed time with rate p;. If orbit queue 1 (respectively 2)
empties, then the orbit queue 2 (respectively 1) changes its re-dispatch rate from ps (respec-
tively p1) to ub (respectively ui). The requested service time is independent of the type of
customer, and it is exponentially distributed with rate p.

Let N;(t) be the number of customers in the orbit queue ¢, and C(t), be the state of
the server at time ¢, respectively. Assume that C(¢) = 0,1 if the server is idle and busy,
respectively. Then Q(t) = {(N1(¢), Na(t), C(t));¢t > 0} is an irreducible aperiodic Contin-
uous Time Markov chain (CTMC) with state space E = {0,1,...} x{0,1,...} x {0,1}.
Define its stationary probabilities for ¢, =0,1,..., n =0,1,

pij(n) = lim P(Ni(t) = i, No(t) = j,C(t) = n).

Then, we can write the following sets of balance equations:

1.n=0
P0,0(0)A = ppoo(l), i=j=0,
pO,](O)[)‘ + M2] Mpoj(1)7 1= 07 .7 > 07 (2'1)
pho(o)[)\ + ,ul] HPi, 0(1)7 i > 07 .7 - 07
pi,j(O)[)\ + pr + NQ] pz,j(l)a 1>0, >0,
2. n=1

P0,0(1)[A 4+ 1] = Apo,o(0) + p1p1,0(0) + p3p0,1(0), i=j=0,

Arrivals type 1 Arrivals type 2
customers customers
(primary customers) (primary customers)/l
j'1 ,U 2
Blocked Type 1 Service Station Blocked Type 2
customers customers
‘ Orbit queue 1 ‘ ‘ Orbit queue 2 ‘
w,1f N, >0, Uy, 1f N, >0,
N, >0: 0:

: * . N2> : *
u,if N, =0. wy,if N, =0.

FI1GUurRE 1. The model.
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po,j(1)[A + p] = Apo,;(0) + A2po,j—1(1) + pp1,;(0)
+ u3po,j+1(0), =0, j >0,

Pi,o(D[A + 1] = Apio(0) + A1pi—1,0(1) + p2pi,1(0) (2.2)
+ pipit1,0(0), >0, j =0,

pii (DA + p] = Api ;(0) + Aipi—1,5(1) + Aopij—1(1)
+ ppiv1,5(0) + papij+1(0), >0, j >0,

where A = Ay + Ao. Denote for |z| <1, |y| <1,

G\ (y me Y, i=0,1,..., n=0,1,
7=0

H(”)xyziG Zme n)x'y’, n=0,1. (2.3)
1=0

1=0 5=0
Forming the generating functions, Eq. (2.1), becomes
A+ m31G (y) — nGSY (y) = pipoo(0), i=0
A+ 13]Gy (y) — pGo " (y) = p2poo(0), i =0,
G (y) - nG) (y) = [di + palpio(0), i >0, (2.4)

where o = AN+ pg + po, di = g — p, o =1,2.
Similarly, Eq. (2.2) becomes

*

A+ 1 — Aoyl G () = ()\ + L;) GV (y) — dipr.o(0) — %po,o(o) +mGOy), i=0,

Dt = Aol GO () = (A+ : ) GO () + MCD, (y) — dipis o(0)

+m G (y) - %pi,o(O), i >0, (2.5)
Using (2.4) and (2.5) we arrive respectively in,

aH O (z,y) — pHD (2,y) = (dy + p2) HO (2, 0) + (d2 + 112) H (0, )

— (dy + do)H©(0,0), (2.6)
(Azy + pay + pox) HO (2,y) — 2y(M (1 = 2) + Ao (1 — y) + ) HY ()

= (dvy + pow) H (2,0) + (dow + py) H (0, y) — (diy + dox) HV(0,0).  (2.7)

Equations (3.5) and (3.6) provide a relationship between generating functions for an idle
and a busy server. If H(x,y) = (HO (z,y), HY (x,y)), equations (2.6) and (2.7) in matrix
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form give
where
a Ay + 1y + pox
T(.’E,y) = )
o —zy(M(l—2) + Ao (1 —y) + p)
d d
Ty(z,y) = 1+ e dry + pox ’
0 0
do + py dox + 1y
T: xZ, = )
2(z,y) ( 0 0 >
—(dy +da) —(diy+ daz)

Equation (2.8) has the same form as Eq. (1.2) in the seminal paper [29]. However, in our
case we deal with a matrix fundamental equation. Clearly, our model is not a random walk
in the quarter plane (RWQP) as the one in [29], but it can be seen as a RWQP modulated
by a two-state Markov process. Due to its special structure, (2.8) can be converted to a
scalar fundamental form, which can be solved in terms of a Riemann-Hilbert boundary
value problem. Indeed, solving (2.6) with respect to H(!)(z,y) and substituting into (2.7)
we arrive in the following functional equation:

K(z,y)HO(2,y) = A(z,y) HO (2,0) + B(z,y) HY(0,y) + C(z,y)H?(0,0),  (2.9)
where

K(z,y) = Ma(l —z)zy + Aea(l — y)ay — pua (1 — 2)y — ppo(l — y)z, (2.10)

Az, y) = diy[(Mz — p)(1 — 2) + Aoz (1 — y)] + poz[Miy(1 — ) + (A2y — ) (1 — y)],
B(x,y) = dax[My(1 —z) + Moy — ) (1 = y)] + pay[(Maz — p)(1 — z) + Xox(1 —y)],

Clz,y) = —diy[(Mz — p)(1 — z) + Xoz(1 — y)] — daz[My(1 — ) + (A2y — p)(1 — y)].
(2.11)

3. GENERAL RESULTS

Before proceeding with the main analysis, some interesting results can be obtained by the
functional equation and some side conditions using the local balance approach. Denote,

pi,.(n) = me-(n), i=0,1,...,p (n) = me»(n), i=0,1,...,n=0,1.
j=0 i=0

LEMMA 1:
HY(1,1) = iy
w
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1 If pape # dida,

1 2 [1 - ﬁ (%) - % (1 - ﬁ (%))} —dy(dy — p2) H©(0,0)

H©(0,1) = ,
( ) Hip2 — dids
A (Aetpa ) o de (A (At _ — (0)
o 13 () 8 (12 (320))] - - 9100
H1p2 — dids
(3.1)
2. If prpe = dida, then py = §py, pe = (1 = §ps, 0 <E <1 and
* 1 o *
HO®©,0)=1-2 {Al e A +( : f)ug} _ (3.2)
© M Ha
PrOOF: For each i=0,1,..., we consider the vertical cut between the states
{N1=14,C =1} and {N; =i+ 1,C = 0}. Then,
Aipi, (1) = ipis1.0(0) + p1 Y pis1,(0)
j=1
= p1pi+1,.(0) — dipiy1,0(0). (3-3)
Summing for all ¢ = 0,1, ..., we derive
MHV(L,1) = m[HP(1,1) = po,.(0)] = da[p..0(0) —po.o(0)]
= :ul[H(O)(L 1) - H(O) (07 1)] —di [H(O)(la O) - H(O) (07 0)}7 (34)
which in turn implies after a rearrangement and using the fact that H (1)(1, 1)+
HO(1,1) =1,
M+ p)HO 1) — i HO0,1) — dy HO(1,0) + dy HO(0,0) = Ay (3.5)

Similarly, by repeating the same procedure,
Az 4 p2) HO(1,1) — dy H®(0,1) — o HO(1,0) + do H(0,0) = As. (3.6)

Summing (3.5), (3.6) and subtracting the sum from (2.6), taking into account that
H®M(1,1) + HO(1,1) = 1, we obtain H®(1,1) =1 — A\/p, and as result HV(1,1) = \/pu.
Clearly, A\/p < 1. We have to note that equations (3.5), (3.6) are “conservation of flow”

relations:
AMA (0) ) (0) )
+pi[H(1,0) — H©(0,0)], (3.7)
2 _ L [HO(1,1) ~ HO(1,0) ~ HO(1,0) + HO/(0,0)
I

+ s [HO(1,0) — H©(0,0)).

Indeed, the first in (3.7) equates the flow of jobs into orbit queue 1, with flow of jobs
out of orbit 1. Note that, (A;A\)/u is the throughput of jobs in orbit queue i, i = 1,2,

https://doi.org/10.1017/50269964816000528 Published online by Cambridge University Press


https://doi.org/10.1017/S0269964816000528

146 I. Dimitriou

HO(1,1) — H®(0,1) — HO(1,0) + H(0,0) is the fraction of time both orbit queues are
non-empty and the server is idle, while H(®)(1,0) — H()(0,0), (resp. H®(0,1) — H®(0,0))
is the fraction of time orbit queue 1 (resp. 2) is the only non-empty and the server is idle.
Substituting H(®(1,1) = 1 — A/u into (3.5) and (3.6) respectively we conclude that,

H(O)(O, H=1- A (W> _ @[H(O)(l,O) _ H(O)(O,O)], (3.8)
p\  m i

HO®M,0)=1- 2 <W> = B2 00,1y - 5O)(0,0)). (3.9)
H M2 H2

Note that H©)(1,0) — H(0,0) is the portion of time the server is idle, the orbit
queue 1 is non-empty, and the orbit queue 2 is empty. Similarly, H(®(0,1) — H©(0,0) is
the portion of time the server is idle, the orbit queue 2 is the only non-empty orbit queue.
Since H(®)(0,1), H®(1,0) must be positive we realize that definitely,

AL A

(Frrm)<n 2 () <

2 M1 H H2
as also shown in [7]. Note that these conditions ensured stability to the model in [7]. However
in our case, we need a stronger condition. To conclude, these conditions implies that \ja <

[ or Aoar < fifia.
In the rest of the paper (unless other specified) we will assume that Ao < ppq, or

equivalently < i1, where Xz- =N, [ = ppg, 1= 1,2, A = N+ Ao We proceed with the
proof of the Lemma by substituting (3.9) into (3.8) and derive

H"(0,1) [1— dldﬂ _1-2 (W) _4 [1—)‘ (W) + <d2—1> H(O)(O,O)}

M2 2 251 M1 v H2 2
(3.10)

If pypo # dids we derive the first in (3.1). Similarly we can get the second.

On the other hand, if pque = dids then “1 + ”2 =1, or equivalently p1 = &uy, pa =
(1—&p3,0<¢<1. Insuch a case, the left- hand blde (Lh.s.) of (3.10) vanishes and we can
obtain (3.2). From this, we immediately deduce that

* 1— *
Iz My Ha
is a necessary condition for the stability of the system if pjpus = dyds. This is equivalent
with,
* 1— *
A (/\1+5u1) <1, and 2 (WE)“?) <1. (3.12)
w\ &g p\ o (I=8&)us
Moreover, (3.11) yields
ATA A 5
_A {1+2t“2] <1 (3.13)
HoLHY Ha
or
ATA oA
p=" {m + 2] <1. (3.14)
2 M1 Mo
From hereon we will assume that this condition (3.11) (or equivalently (3.12) or (3.13)
or (3.14)) is satisfied when pqps = dids. [ ]
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3.1. A Random Walk Approach and Stability Condition

As indicated above, our model it is seen as a RWQP modulated by a finite two-state Markov
process. In the following, using the special structure of our model we will convert it, using
the approach in [52], to a usual RWQP [30] and investigate its stability condition.

This approach starts by considering the corresponding discrete-time MC through a
uniformization technique. Without loss of generality we assume that 0 = X\ 4+ p + pg + po =
1. Then, we partition the transition matrix P of the uniformized MC according to the server
state, and then consider the censored MC to the set of states of a busy server. We focus on
the set of states with a busy server, because this censored MC can be explicitly expressed.
We focus on the set of states of a busy server since the censored MC to the idle state does
not have an explicit expression for its transition matrix.

Let Q(k) = {(Nig, Nok,Cx)}, {0,1,...} x{0,1,...} x{0,1}, and E ={0,1,...} x
{0,1,...} x {1}, Ec={0,1,...} x {0,1,...} x {0}. Then

FE¢ F

E° ([ Po Po
P 7 3.15
E <P10 P11> ( )

where using the lexicographical ordering for the states of (Nyj, Nay):

POO :diag(Ao,Al,Al...), P10 :diag(C’O,C’o,...),

By Dy D
| B1 Bo _ Dy D,
POl— Bl BO ) Pll_ DO D1 ’
A A
« B A B2 A
By = x ; Bo= " ;
0 py A 0 py A

Ao = diag(p + p1 + p2, 1 — (A +p3), 1 — (A +p3), ..,
Ay = diag(1 — (A4 pi), o g, - - )

By = diag(uy, pr1, 1, - - ),

Co = pd,

|G 5 A2
Dy = Pt pe Ao . Dy =M

Since Py is diagonal, it is easy to have the fundamental matrix of Py, as:
> .
P()Q = Z PSO = diag(Ao, Al, Al, .. .),
7=0

where

~ 1 1 1
Ag=di —_— ...
0 lag()\7)\+ﬂz’)\+us7 >a
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Aot (ot )
=di , , s
' & At pi A+ pe A+ + e

The transition matrix of the censored MC to E can be easily computed as:

PE) = Py + PigPyoPo

Dy + /LA\()BS D,
A, By Dy + pAy By D,
= 1A By (3.16)

Do + pAgBy Dy

This is a simple RWQP whose one-step transition probabilities from state (m,n) to
(m+i,n+j) are for —1 <4,j < 1:

pi; if m,n >0,
pt) ifm>0,n=0,
P(mnsm+in+tj) = i
pz(Qj) ifm=0,n>0,
P ifm=0,n=0,
(1) G 1) A (1) 1)
Bo= =t =M ) = e
P10 N+ Po,0 = M1+ M2 2+ P1o 1, Po1 = A2
@) [14 (2) A )
= , = + 1o + = A, = Ao,
Po,~1 A+ i3 0= M1 T M2 Mt p 1,0 1 p01 2
0
pé,3:u1+uz+u, p10*>\1, p01—>\2,
[0} A
_ =, = + + EE— = )\ s
P-1,0 Xt 0+ Po,0 = H1 T M2 Xt 0+ P10 1
—\ M2
Po,1 = A2,

TN e

Using the notation in Fayolle, Iasnogorodski, and Malyshev [30], and define for |z <1,

|y‘S17k:07]"

(k)

ZZPM I

i=1 j=1
o0
= Zpi,o(k)xl_la
i=1

(y) =78 (0,y) = Zpo,j(lf)zﬂ‘1

For this censored random walk, the fundamental form (Eq. (1.3.6) in [30]) is given by:

_ k(l)(

2,970 (2,y) = a® (@, 1)7P (@) + 0O (2, )75 (1) + D (z, y)= 1 (0, 0),

(3.17)
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where
1 1
KD (@y)=ay | Y D piga'y! —1
i=—1j=—1
= a(x)y® + b(z)y + c(x)
ry N N ~ -1~ -1 N -~
=—2 [ Mz+ X y+iz 4 — (471 +
A4—M14-M2[ 1 2y + [i1 T2y (A + Hi + 12)]
al(z,y) == Z szlg)xzy = ax(z)y + bi(x)
i=—13j=0
_ M At )+ Ae(A+ pi)y + ppieTt — AN+ py) — pi]
A3
b (z, y Z:}:pﬁx@
i=0 j=—1
= az(@)y” + ba(2)y + co(x)
_ YOt )@+ da(A + p3)y + psy "t — A+ p3) — o]
A+ 13
1 1
) =33 Py — 1 = ag(z)y + bolx)
i=0 j=0
= )\11’ + )\23/ - )‘u
where
a(z) =po1z, b(x)=p_10—(1—poo)T+pior?, c(z)=po_17;
ar(z) = piiz, bi(x) =pY o — (1= pii)a +pilga?;
az(x) =p,  ba(w) = pi) — 1+ 000, cale) =iy (3.18)
ap(x) = pie,  bo(x) = pi iz — (1 - ).

Our model is now converted to a usual RWQP and we can proceed as in Fayolle et al.
[30] and solve (3.17) by transform it into a Riemann—Carleman boundary value problem. As
stated above, the censored chain to the idle state does not have an explicit expression for
its transition matrix. However, it is easy to see that the functional Eq. (2.9) is equivalent
to:

+cmm+Amw+Bmw—Kmmﬂm
zy

K (z,y)n % 2,y

(0,0).

After some algebra, the above equation can be written as:

— kO (2, )70 (2, ) = 0@ (2, 9)7” (2) + 0O (2, y)7$” () + O (2, )7V (0,0), (3.19)
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where
Oz, y) = (A + 1 + p2)kD(z,y),
O (z,y) = A+ p})a(z,y),
b(o)(%y) (A+u ot (2, y),
O (z,y) = AW (2, y).

The functional Eq. (3.19) is the fundamental form corresponding to a RWQP defined
by:

PN o= i PO =1— O+ )+ i), BU) = MO+ ),
Bt = da(A+ pi),

Boly = mps, Pop=1— A+ ud) + sl Bro =M+ u),
ot = da(A+ p15),

=12, B0 =, A=

) )

~

P_1,0=H1, DPoo=1—(A+p+i2), Dro= A,
Do, = A2, Po,—1 = H2.
Set

M = (M, M) = (X ipij, 3 jbiy) = (M — fir, Ao — fia),
MO = (MY, M) = (i), i) = O+ pf) — g, AN+ pi)),
M@ = (M, MP) = (S i, S0 357)) = (A + p3), Ao (A + pb) — ).

The following theorem is due to Fayolle et al. [30].

THEOREM 1: When M # 0, a random walk is ergodic if, and only if, one of the following
conditions holds,

1.
M, <0,M, <0,
M MY — v, M <o,
M,MP — MM < o;
2. M, <0, M, >0, M,M?> — M, M” <0;
3. M, >0, M, <0, MM — M, M <.
Clearly, M # 0, since we have already assumed that M, < 0, which implies Xl < i
(Condition 3. is also not considered here. Thus, we only focus on conditions 1. and 2.). The

following theorem gives sufficient and necessary conditions for the ergodicity of the random
walk that describes our system:
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THEOREM 2: Let Xl < fi1. Then, the system is ergodic if and only if

1.
v AMArp2 = Aop)
YT i — M+ o) ~
s Ao < M.
v AMAopr = Ap2)
2T = A+ )’
2.

AAgpr — Aip) =~
5 = 1/ . A Z .
SRS TP VTR

PrROOF: The proof of the theorem is completely based on Theorem 1. After some algebra
we can see that:

AA ) — 1 A(A1p2 — Aafir)
MMV — MMV <0 d +p 7——————<0@*>:—————f.
Y PR TN + o) M2 0 =00 + 1)
Similarly,
AA2 + p2) — iz AAop1 — Ap2)
M, M2 — MM(2)<O<:>d+ —<0<:> A
e ? — A1+ 1) B2 2 B 200 + )

Note that this Theorem is similar to Theorem 7.2, p. 345 in [29], and will help us to
determine the index of a Riemann-Hilbert problem, the solution of which will give us the
joint probability generating function of the orbit queue length distribution for an idle server
(see Section 4). Moreover, it is easy to see that conditions 1 and 2 in Theorem 2, reduce to
condition (3.11) when pjus = dids.

3.2. Zero Pairs of the Kernel

For fixed y, the equation K(z,y) = 0 in variable x has two roots

~oy® — A+ + fiz) £ /A
Xo(y) = (Aoy” — ( +M1J;:\{$2)y+uz) z(y), (3.20)
1y

where
As(y) = Aoy — (A + Jix + fi2)y + [i2)” — 4\ i y”.
We can easily prove that As(y) has four real roots such that 0 < y1 < y2 <1< y3 < yq4
given by,

/\+M1+M2+2\//\1M1 \/» /\+M1+M2—2\//\1,U1 \/»
2o 2\

Y1 =
/\+u1+uz—2m \/> /\JF““L”?“LZ\/E \/> (3.21)
y b
87 Mo 2X2
where
= Gt i+ i+ 2 M)? - Ao
sg?) = (N Jin + iz — 2y Mfin)? — 4Xofia. (3.22)
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It is easy to see that y» = 1 when Xl = g1 and 3\\2 < iz, and y3 = 1 when Xl = 1 and
A2 > [ia. Define for y € C — ([y1, y2] U [ys, y4]) the two branches of X (y) by

Xoly) {X—(y) -l Xl {X+(y) if [X_(y)] < X+ ()],

X, (y) if|X_(y)| > |Xs()]; X _(y) if [X_(y)] > [Xy(y)]-

The function Xy (y) is analytic in C — ([y1, y2] U [ys, y4]) and the function X;(y) is mero-
morphic in C — ([y1,y2] U [ys, y4]) with a single pole at 0. The function X(y) analytically
continues in the whole of C — ([y1,y2] U [y3,v4]) the function X, (y) defined for y < y;.
Similarly, the function X;(y) meromorphically continues in the same domain the function
X_(y) defined for y < y;.

Similarly, for fixed z, the equation K (x,y) = 0 in variable y has two roots

Ya(z) = —(Aa® — (A + 7+ fi2)T + ) + Al(fﬂ)’ (3.23)

23\\2.%

where
Ay(z) = (A1a® — (A + iy + fi2)x + [11)° — 4dofin”.

The discriminant Aj(x) has four real roots such that 0 < z7 < 22 <1< ﬁl/Xl <x3 <
x4 given by,

X""ﬁl-f'ﬁ2-|-2\/xzﬁ2—\/ngl) X+ﬁ1+ﬁ2—2\/3\\2ﬁ2—\/8§/2)
= =~ y T2 = = ;
2)\1 2/\1

T
PR ey KR SO AR WA
+ p1 + pe 2ft2 + 4/ Sy + p1 + pe + 22 + 1/ Sy
x3 = — , T4 = — , (3.24)
2)\1 2/\1
where

s()? = (X-i- fi1 + fiz + 2 X1ﬁl)2 - 4X2ﬁ2’

sg?) = (X + i+ 2 — 2 X1ﬁ1)2 - 4X2ﬁ2' (3.25)

Note that To = 1 when /):2 = ﬁQ and 3\\1 S ﬁl, and I3 = 1 when Xg = ,[72 and Xl Z //J\Jl.

The functions Yy (x) defined in (3.23) are well defined for € C — ([x1, 2] U [23, 24]), and
the two branches are defined by

W)Z{Y—@f) i Y- (2)] < |V (2)], Yl(x):{nu) if [V (2)] < |V ()]
Yi(e) i Yo ()] > [Yi(2)]:” Yo(2) i [Y_(2)] > [Ya(@).

Similar properties as for Xy (y) also holds for Yy (x). The following conformal mapping
result is classical and for more details see [30].

LEMMA 2: The function Xo(y) is a conformal mapping from the open set D(O,,/%—Q) —
2
[y1,y2] onto the open set D(0, /%1) — [z1, z2], where D(0, 4 /%) denotes the disk with center
1 3
0 and radius ,/%, i =1,2. The reciprocal function is Yo(z).
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To conclude, note that X_ (1) < X, (1), and X_(1) < 1 if and only if A1 > fiy and then
X_(1)= fi1/A1. Similarly, Y_(1) <1 if and only if A2 > fiz, in which case Y_(1) = fia/As.
For more properties on the zero pairs of the kernel the interested reader is referred to [7]
(Proposition 3, p. 14), and [52] (Lemmas 4.1, 4.2, pp. 10-11).

Using similar arguments as in [29], Section III, we can prove that H(®(x,0) (resp.
H®O (0,y)) can be continued as a meromorphic function to the whole complex plane cut
along the segment [x3, 4] (resp. [ys,ya4]). In the remaining text, we assume that A < it
Since the continuation of H()(z,0) (resp. H(®(0,y)) may have poles between the unit

circle and the |z| = \/7i1 /A1 (vesp. |y| = \/Fiz/As if A2 < Jiz). However, from the analyticity
of A(x,Yy(x))H® (x,0) it follows that the poles of H®)(z,0) must coincide with the zeros
of A(z,Yy(x)) in the band between the unit circle and |z| = /i1 /A1

3.3. Intersection Points of K(x,y) =0 and A(x,y) =0

When K(z,y) = 0, we can see from (2.9) that we can express H()(z,0) (resp. H®(0,v))
as a function of H(®(0,7) (resp. H®(z,0)) and C(x,y), where A(x,y) appears in the
denominator. Thus, the common solutions of the equations K (x,y) = 0 and A(z,y) = 0 are
potential singularities for the functions H©)(z,0) and H(0,y).

The common roots in variable y. Let y € C' — ([y1, y2] U [y3,y4]) and K(z,y) =0, z =
X4 (y). If in addition A(z,y) =0, y is a root of the resultant in x of the two polynomials
K(z,y) and A(x,y), denoted by Q.(y). Q.(y) is a polynomial of degree 5 in y, which has
at most four distinct zeros in C. The point 0 is a double root. Another trivial root is 1
since K(1,1) = 0 and A(1,1) = 0. It can be shown that the resultant Q,(y) can actually be
decomposed as

Qa(y) = MpPy* (y — DQa(y), (3.26)

where
Qu(y) = Ma(dy + pa) Ay — pogel)y? + Moyl (dy + o)
— (Ady — pop) (N + p1)] — Hapi p2 (A + p7).

The common roots in variable x. Letting now z € C' — ([x1, x2] U [z3, 24]) and K (z,y) =
0, y = YL (z), we can easily show that the resultant in y of the two polynomials K (z,y) and
A(z,y), denoted by Py(x) is

Py(x) = AapiP poa®(w — 1) Py (), (3.27)
where

Py(x) = Ma(A + ) (dy + p2)2? — N (d + p2)
+ (Ady = popy) (A + pi)le + pip(Ady — popd).
The roots of this polynomial are real since the discriminant
AP = i alds + 12))* + AL — o)+ %))
+ 2A (A2 — A)pipldi + p2)(Adi — popy)
> Auipldy + pg| = Ay — papi|(A + pa%)]® > 0,
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given by

¢, _ Ml +pa) + (s = papif) O+ pip)] & ALY (3.28)
. 2AM (A + p1)(dy + p2) ' '
To show that these roots are positive we follow the lines in [29], Section V, and subtract
Az, Yo(x)) from K(z,Yy(x)) to obtain,

MO+ )1 =) + s (1 - 1) + A2(A+ i) (1 — Yo(z)) = 0.

Then, x <0, yields Yp(x) > 1 which is impossible. Thus, any root is positive and cannot
belong to the cut [z1, z2] since Yy(x) is a complex number and A(z, Yo(z)) never vanishes
in that case.

4. FORMULATION OF THE BOUNDARY VALUE PROBLEMS

In the following, we distinguish the analysis in two cases, based on certain assumptions on
the values of re-transmission rates.

4.1. Reduction to a Riemann—Hilbert Boundary Value Problem

In the following, we assume the case where pjus # dyds. We can easily observe that,
da(di — p1) Az, y) + di(d2 — p2) B(w,y) = (p1p2 — did2)C(z, ). (4.1)

Using (4.1), we observe that

(x,y)) da(dy — p1) ( A(x,y))
Im = Re
< B(z,y) dydy — fu1 i B(z,y)
(xvy)) dy(dg — p2) ( B(xvy))
= Re 4.2
< Az, y) dydy — pa pio Az, y) («2)
leading to the following transformation:
da(dy — 1)
G(z) = HO (z,0) — 27 g0)(g,
(2) (,0) - A (0,0),
di(dz — po2)
W(y) = HO(0,y) — 22712 gy o
(y) 0,y) — A (0,0),

and thus the fundamental relation (2.9) is rewritten for (x,y) such that K (z,y) =0, |z <1,
lyl <1,

G(z)Alz,y) + W(y)B(z,y) = 0. (4.3)

Therefore, the Lh.s. of (4.3) must vanish for all pairs (Xo(y),y) such that |y| = 1, which
yields,

A(Xo(),y)G(Xo(y)) = =B(Xo(y): y)W (y), [yl = 1. (4.4)

The right-hand side (r.h.s.) of (4.4) is analytic for y € D(0,1) — [y1, y2] and continuous for
ly| = 1, so it can be analytically continued up to the interval [y1, y2], which implies that for
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Yy € [y1, 2],
A(Xo(y),y)G(Xo(y)) = —B(Xo(y), y) W (y). (4.5)

We proved in Lemma 7 that B(Xo(y),y) # 0 for y € [y1,y2] (similarly we also can prove
that A(Xo(y),y) # 0 for y € [y1,y2]). Let Xo(y) = x, so that Yo(Xo(y)) = y, we may write:

Az, Yo(2))G(x) = = B(x, Yo (2))W(Yo(2)),  [x] = %

Following [29], it can be shown that for f; > A1, the function A(x,Yy(z))G(z) can be
analytically continued at least up to the circle |z| = fi; /\1. Therefore we may write,

AwYo@) o N B
Re<zB(x%(x))G( )) 0, || \g (4.6)

with Yy(z) € [y1,y2]. We must ensure that the function G(x) is analytic inside the circle
|z| = Ji1 /A1, so that we have to check for poles of G(z) in 1 < x < fi1 /A1, since it is already
analytic inside the unit circle (H(®)(z,0) is analytic inside the unit circle since it is a
probability generating function). From the analyticity of A(x,Yy(z))G(z) it follows that
the poles of G(z) coincides with zeros of A(x,Yp(x)) for 1 < |z| < \/ﬁl/xl.

We proceed as in [29], section V and for our convenience we can rewrite A(z, Yy(z)) as,

1N B2 = Aa(A A+ p2)Yo(x) — Ao
Al Yole)) = (1 m) - Xz%(w) [

dy + ¥ (z)],

where
AN+ pa)w + M ppYo () — iy
fi2 = Ao (A + p2)Yo(x) — Apoz
Following the lines in [29] (section V) it can be proved that according to system’s parameters,
A(x,Yp(z)) has at most one zero (# 1) in 1 < |z| < \/ﬁl/xl, given by £_ (see (3.28)).

We focus on the condition under which such a zero exists. It is easy to see using (2.10),
(2.11) that K(z,y) and A(x,y) vanish simultaneously if and only if

(1= o)A+ D)o — ] + oA+ D)zl —y) =0, (47)
y(1 = z)[A(dy + p2)z — pdi] + (1 = y)[Az(dr + p2)y — fiz] = 0. (4.8)
Equation (4.7) gives for (z,y) ¢ {(0,0), (1,1)},

_ oA+ i) + ppi] — gt — A (A + p)a”
Ao(A+ pi)z

U(z) =

(4.9)

Substituting (4.9) into (4.8) will lead to (3.27). If 1 < £_ < /7i1 /A1 then A(x, Yo(z)) has a

unique zero in <1, \/ i1 /Xl} provided that

Ao (N * *1 A (\ *\ 2 —
Yo(e) = & [Aa( +M1)—t\5(’lj\1]+u§)u§1_ A+ p)E a5,

since that branch Y (z) is such that |Yp(z)| < \/fi2/As2, € C. On the contrary, if Y(£_) >

\/Tiz/ A2, A(z, Yo(z)) does not vanish in (1, \/7iy /Xl].
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Thus, define for £ = 0,1 (k= 0(1) means that A(x,Yy(x)) does not vanish (vanishes

Az, Yo(x))
Bz, Yo(z))(x — §-)*’

and using (4.6) we obtain,

Re(iU (2)G(x)) = 0, || =/ fia /M, (4.10)

which defines a homogeneous Riemann-Hilbert problem on the circle || = 1/ fi1/ A1 Let the
index x := —X[argU(z)]

U(a) = G(2) = (@ — £ ) C(a),

o=/ Following the lines of Theorem 7.1 in [29], it is proved

that under stability conditions given in Theorem 2, the index xy = 0. Thus, the solution of
the homogenecous Riemann—Hilbert problem (4.10) for |z < \/7i1/A; is given by,

1 1 t do(d
H(O)(x,O) = D(z _57)—’“ exp 7/ _ Mdt + MH(O)(O 0),
2 Sy =t didz — pu o
(4.11)
where D is a constant and J(z) = U(Z) . |2| = \/7i1 /1. Setting = 0 in (4.11) we obtain D
in term of H()(0,0). In particular,

3(=&)F 1 1
1o — dida 2’L7T [t]= m t

Then, substituting back in (4.11), setting = 1, and combining with the second in (3.1),
we get the constants D and H(®)(0,0). Indeed, substituting D in the second on (3.1) we

obtain
HO(0,0) = pa (2 — A2 + p2)) — da(pin — A(A1 + p1)) (f— - 1>k
’ 11 15 £
X exp (—1/ _ Wdt) : (4.12)
27 Jitj= /a3 HE—1)
so that

Haps (pap2 — dida) § —

exp [ - log {J (1)} (= 1)
’ p<%ﬂﬂhwa t-Dt—a) “) (413)

_ - &1 —1 log {J(t)}
do(d; M1)< e ) <2Z7T/|t| o Hi— 1) dt)

Using a similar approach we can also determine H(9)(0,y) by solving another Riemann—

HO (5, 0) = Hal2 = Ao £ 112)) = da(fn = A + 1)) [(5— - 1>kmu§

Hilbert boundary value problem on the circle |y| = 1/ fi2 /Xg Then, using the fundamental

functional equation we obtain H(®)(z,v), and substituting back in (2.6), H")(z,y) is also
uniquely determined.
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4.1.1. Performance metrics We proceed with the computation of some important met-
rics such as the expected number of customers in orbits 1 and 2, and the probability of an
empty system (i.e., P(N7 =0, Ny = 0,C = 0)). Clearly,

:ZZ Zpi,j +sz,J H(O)(x 1)‘1 1+d7H(1)(‘T 1)‘1 15
= 7=0
No) = Z] me +pr = 7H(0)(1 Y)ly=1 + dy H(l)(l Yly=1, (4.14)
j= i=0

P(N; =0,N, =0,C =0) = H(0,0)

_ (2 = AMAz + p2)) — da(pi = MM + ) (5— - 1>k
iy pes (i — dids) §-

X [p5p1 + pryda] exp <2Z71T /t| —x Wdt> - (4.15)

Moreover, by differentiating (4.13) with respect to x, setting = 1 implies

— Ao + p2)) — do(fir — M A1+ 1))
p(p1pez — dyds)

k1 log {J(t)}

Using (2.10) and setting y = 1 we derive

d per (o
ZHO (20 el =
HO@,0)lm

A (d — ud A (d -
HO (g, 1) = Ml F12)2 =y oy ) Maldz )@ = I o) g )
Az — [i1 Mz — [
diy — M\ (d d
M — iy

Differentiating (4.17) with respect to x, setting = 1 yields

d A
S HO (@, )1 = = (@A + p12) = puga) HO(1,0) + (0 + 123) HO(0,1)

()\1 - /71)2
Aa(d + ”22 —pdy d o) (,0)|z=1,
AL — *

(4.18)

+ (mdz = di(A+ ) HO(0,0)] +

where H()(0,1), H©(1,0), LH®) (z,0)|[,—1 and H®(0,0) can be found in (3.1), (4.16)
and (4.12), respectively. Finally, using (2.6):

d a d
S HO @, D)lr = S HO (@, 1)1 —

d1+,u2 d
pdx 1%

%H(O) (2,0)|=1. (4.19)
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Thus, using (4.18), (4.19) we conclude that

B(N) = pa(A1 + i) —:11()\2 1) d o (,0) et + H(O)(l,O))‘W[dl(i‘ + NE) — pape]
AL — i1 dzx (A1 —fn)?
+ HO(0,1) Al/jl()\ ir 13) + HO(0,0) )\1M[u16£2 - dj(/\ + uz)]. (4.20)
(M1 —p1)? (A1 —m1)?
To derive F(N3), we need to obtain d%H(O) (0,y)|y=1, and this can be done using (4.4).
Then,
—W -1 = —lim ——72 —G(x)] =1 X (1) — lim — G(1) =
ay " W= == B (), dy OO X0 I Gy B ). O
d . AXo(y),y) d /
—HO0,9)|y=1 = — lim =228~ FgO) (4 0),21 X, (1
dy ( y)|y71 yl_)Hll B(Xo(y),y) dy (SU )| 1 0( )
d A(Xo(¥):Y)  1r(0) da(di — p1) (0
L AR Y) g0 (g ) — S22 T HY )
y—1dy B(Xo(y),y) (.0 didy — papo (0.0)]
_AXo(y),y) d 0 '
= — lim —H" (x,0)]|,=1X,(1
WA By dy Ol
o d A(Xo(y),y) (B2 — A(A2 + p2)) 4+ da(AM(A1 + p1) — i)
lim — [ 1,
v—1dy B(Xo(y),y) I

(4.21)

where using the L’Hospital rule we can obtain after some algebra

im AXo(W),y) _ Aaldy + p2) — iz + (Mi(dr + p2) — pdi) X, (1)
v=1 B(Xo(y),y)  Aa(da + 1) — pda + (M (da + 1) — 1) X (1)’

/ Xz — [l2
XO(I) = ~
1 — A1
X/ (1) = 2(fis + iz — 200 + Ao) P ppz + A3fia + N3]
0 - )

(fir — )3
and

i 4 AKW)y) _ p
v—=1dy B(Xo(y),y)  2(Xa(dz + p1) — pdy + (A1 (da + p1) — 1) X(1))?

x {2z (da + 1 = daldy + p2)) + Xo(1) (e (dz + i) = g (dy + p2))] e + (X(1))?)

—Xo (D[(dr + p2)(Mida — Aopir) + (da + 1) (Nadi — A pia) + pulpa i — d1d2)]} .

Similarly,
d ad dy+py d
LHOA, e = L HO®A, ) ey — BT L O (0,4)), 2
dy (Ly)ly=1 1 dy (L y)ly=1 dy 0,9)ly=1,
d A )
S HO W y)ly=1 = 2 (Ao (A + 1) — pap2) HO(0,1) + (A + 1) HO (1, 0)
Y (A2 — fi2)
Aa(d + —pdy d
otz — o+ ) HO (0,0)] + 2BV Loy,
)\2 — U2 dy
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Therefore,
A 5) — da(A d Az pi[da (A -
E(N) = pa( 2+[/L\2) Az( 1 +M)—H(O)(0,y)|y:1+H(O)(O,1) 241 2(A+HA1) i p2]
Ao — i dy ()‘2 - M2)2
Aafla (N + pf A dy — da(A
+HO(1,0)222A 1) | o ) A2pledi = d(A+ )] (4.22)

(A2 — fi2)? (A2 — fiz)?
Finally, recall that (see Lemma 1) P(C' =1) = %

4.2. A Dirichlet Boundary Value Problem

Consider now the case where pjp9 = dyds. Thus, there is a & € [0, 1], such that py = Euf,
po = (1 —&)ps. Assume also that the system is in steady state (see (3.2)), that is, p < 1.
Then, it is easily seen that

C(z,y) = paz[My(l —z) + Aoy — ) (1 — y)] — A(z, )
= piyAex(l —y) + Mz — p)(1 — z)] — B(z,y).

For pairs (x,y), |z| <1, ly| <1, K(z,y) = 0, the functional Eq. (2.9) reduces to

_ (0) _cHO _ _ =
(1= OH(@.0) ~ eHOO) + (- 1= 9T T 0. (423)
Since Im(H(®(0,y)) = 0 for y € [y1,y2], we conclude in,
Re (iH(O)(:E,O)) i), o] = (4.24)

where

o) (1 i <M§$[(M ~ aYo()) (1~ o)) — M¥o(a)(1 - xn]) |

Az, Yo (2))

Clearly, if A(x,Yy(z)) has no zero for |z| < ,/%—1, then H(©)(z,0) is analytic in |z| < ,/‘%1

1 1
and continuous on the boundary, and (4.24) represents a Dirichlet problem on a circle. If
there is a root, say g, of A(x,Yy(x)) for |z| < E;—l, then another Dirichlet problem can be

defined for the function (z — z0)*H®(2,0), k = 0, 1. Thus, we have the following problem:
Determine a function H®)(z,0) such that

1. HO)(z,0) is regular for |z| = /i1 /A1, and continuous for |z| < \/i1/A1.
2. Re (iH© (x,0)) = f(2), 2| = \/fir /A1
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Tts solution is given by (see [33,45])

1-— t dt o~
HO(2,0) = ——" w2 L7 e < /A, (4.25)
2 \t|:1/ﬁ1/:\1 t—x t

where

it MY ()1~ h(B) — MY (1)1 — 1)
“@‘m( A, Y (1)) )

[t| = \/ﬁl/:\\l and Z a constant to be determined. Setting 2z = 0 in (4.25) we get

Z=(1-p) 1—|—i u(t)?

/ dt
27 Jj=/7u1 /2

Let © =1/ ﬁl/:\\lew. Then, the characteristic Eq. (2.10) becomes

Noy? — (N + Jir + ia)y + fiz = 0,

and its solution with the smallest modulus

X2+ﬁ2+a— \/(X2+ﬁ2+a)2 —4X2ﬁ2
225

y =y(0) := Yo(z) =

is in [y1,y2] for |z| = \/ﬁl/xl, and a = Xl + 7 —2 Xlﬂl cos . Then,

1— T Al Xlew—i—az =

HO (z,0) = - 5 P / T(G)/A—de + 7, x| <\ /M, (4.26)
T - \/ﬁl//\leie—l‘

where T(0) = u(y/ i1 /Xleie). Using the facts that y(6) is an even function of 6 and T'(6) is

an odd function of 6, we obtain for |z| < \/ﬁl/xl

2/ A (1 —p) [T T(0) si
HO(,0) = firAr(1 = p) / T(0)xsind Wb+ 7 (4.27)
0

T //Zl -2 ﬁlj\\l cos + /):11'2

Similarly, we can also obtain the H(®)(0,v), |y| < \/ ﬁ2/§2, by solving another Dirichlet

problem. Substituting H(®(0,y), H®(z,0), into (2.6), (2.7), we can determine H™" (z,y),
HO(z,y).

5. ASYMPTOTIC ANALYSIS

In the following, we focus on the model analyzed in Section 4 for pipus = dids, that is,
w1 =Ept, pe = (1 — &)ps. Similar results can be deduced for the general case.

In [42,43], the kernel method was applied to study the exact tail asymptotic properties
for random walks in the quarter plane. Song, Liu, and Zhao [52] performed asymptotic
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analysis for the model in [7]. In this section, we fill the gap and provide asymptotic results
for a retrial model with two input streams and coupled orbit queues, based on the random
walk approach presented in Section 3.1. Using the fundamental Eq. (3.17), we can obtain
asymptotic properties at the dominant singularity for the generating functions 7r§1)(:13),
7751) (y), with the aid of which, we can identify the exact tail properties for p; ;(1), through the
Tauberian-like theorem. Then, using (2.6) we can also characterize the exact tail asymptotic
properties for p; ;(0).

We proceed with the investigation of the dominant singularity of the 7751)(3:) (similar

(1)
2

results can be obtained for w3 ’(y)). The dominant singularity of ng)(x) is either a branch

point of the kernel equation kM (z,y) = 0 or a pole of the function W%l)(l‘) [42,43]. Clearly,
kW (z,y) = —aK (x,y), and thus, the branch points of k() (z,y) =0 coincides with the
branch points of K (z,y) = 0, thoroughly investigated in Section 3.2 (see also [52] pp. 10-11).

Since the censored MC on the states of a busy server is a standard random walk in the
quarter plane, we can employ literature results on the analysis of the dominant singularity

of ﬂ'gl)(aj). Except the branch point

X+ (Ve — VO Q) VY

2)\

2 2
(M1 + Eppy) + (\E—\/(l—@uué) 1 — AN,

the other candidate for the dominant singularity is a pole of ﬂl)(x) in the interval (1, z3],
which can only be the zero of A(z, Yy(X)).
¢9)

Note that for this censored random walk, p; ;, p; ; are not X-shaped, and according to
[43], Theorem 4.5, either A(z, Yy(z)) has no zeros with modulus in (1, z3], or it has only one,
say «* in (1,z3]. In the former case, let * = +o00 (in this case, obviously * can never be
the dominant singularity since x3 < +00). To check the existence of such a zero, instead of
directly considering the equation A(z,Yy(z)) = 0, we consider the product of two functions
A(z,Yo(x)) and A(z,Y7(z)), which is a polynomial:

T3 )

where

V =

AleYola)) Ale i @) = “ES 0D ),

where
g(@) = AN+ p}) (s — p})a® + My + p) A+ p3) + plps — p5)] — p(u3)* (A + p3).

It is easily checked that g(0) < 0, and g(1) = pudps (A + u5)(p — 1) < 0 due to the stability
condition (3.14). The polynomial g(x) has two real roots since

Ao = (AF A+ 1) A+ p))? 4+ ey (15 — 15)) 4+ 20 A2 — A1) (5)2 (A + p2) (15 — 1)
> (Af A+ p2) N+ 1) — Al — 31)* > 0,

given by

oy = walee — p3) + A+ p3) A+ )l & VAo

220 (pf = p3) (A + 1)
Moreover, these roots cannot belong to (x2,1] since their product has modulus greater
than 1. If u3 — pi > 0, x4 are of opposite sign with x4 > 1. If u5 — u} < 0, then they are
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both positive and x_ < z3 < x4 < 4. In the former case we focus on z, while in the latter
one in xr_.

We proceed with the case p3 — pj > 0; the procedure with the other case is repetitive
and it is omitted. Solving A(zy,Y (z4)) = 0, we get

AN+ 1) + pi](zy — 1)

=Yz, )=1-—
y=Yiat) NaOvt i)t

. (5.1)

Due to stability condition (3.14), W < 1. Thus, Ay(A + pf) < pps, and

> 0.

g( fige} ) _ Aap(pi)? (A + p)
A(A+pp) A1

Hence, 1 < 24 < #ﬁu*)’ which means Y (xy) > 1.
The following results are simple generalizations of the results found in [42] (Lemmas
2.3, 4.4, pp. 12-13) and will be used in the following.

LEMMA 3:

1. If fip > //\\2, the value of x* depends on the value of x4 :
(a) For xy € (1,11/A1], o = oo;

(b) For x4 € (fi1/A1, min(zs, #—éﬁ)))’ ot =y <wy if Y(vy) < \/fiz/A2, and

¥ = 0o otherwise;

(¢c) For xy = x5 < #ﬁ%), Y(xzy) =/l12/ 2 and 2™ = x5 = x4 ;

Hpy *
(d) For zs < x4 < O T =00

2. If//l\,g < //\\2, ¥ = 00.
PROOF: The proof is completely based on [42] (Lemma 4.3). [ |

LEMMA 4:

L If [l > Ay, 24 € (ﬁl/xl,min(ﬂcg, #ﬁﬂl))) and Y(xy) < \/ﬁg/Xg, the dominant
singularity Tgom = * = x4 < x3, which is a pole.

2. ]f ﬁ2>>\2 and $+:$3€(%7#%

Ty = x3, which is both a pole and a branch point.

3. Under one of the following three (a) iy < Xo; (b) [ia > Ao and x4 € (1,7i1/A\1]; and

), the dominant singularity xgom = x* =

(c) fz > N2, 74 € (ﬁl/xl,min(xg, #—EMJ)) and Y (xy) > \/ﬁg/:\\g, the dominant
singularity Tqom = x3 < x* = 00, which is a branch point.

The following theorem proves that there are three types of detailed asymptotic
properties of 7T§1)(1‘) as x approaches the dominant singularity.
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THEOREM 3: The behavior of ﬂgl)(x) at the dominant singularity is given as

1. If gom = % = x4 < w3, then

lim (1 - x) 7r§1)($) = Ch,0,

T—T4 :L’+

where

Cio= a(A+ pp)a®M (x4, Yo(xy))
, (1= AN (pd — paeg (g — D(zy —a2)

x b (2, Yo(wa))ms” (Yo()) + ¢V (a, Yo ()@ (0,0)].

2. If xgom = ¥ = x4 = a3, then

lim 1— Lﬂ'il)(l’) =Cs,

5
LT—Tdom Tdom

Oy o — 20 o, Yo(@aom )T (Yo (@dom) + 1 (@dom, Yo (waom)) 71 (0,0)

' )\1 \/xdom(xdom - xl)(xdo’rn - .132)(1‘4 - xdom)

3. If zgom = x3 < x* = 400, then

where

|y:Yo (z3)>

Q(xs) d b(l)(ﬂf3>y)7 él)(y +C(1)(9937Z/)7 (1)(070)
03 0o— — - 1
al )($37y)

2)\2583

q(z3) = Vas(xs — 1) (w3 — x2) (24 — 23).

PROOF: The proof is based on [43] p. 15 and due to space economy the details are omitted.
|

We are going to apply the following Tauberian-like theorem in order to obtain the exact
tail asymptotic properties in stationary probabilities from the corresponding asymptotic
properties of the generating function. Note that using the Tauberian-like theorem, it is not
necessary to fully determine the unknown generating function with the aid of the boundary
value theory. For alternative approaches see [35,36]. Just for sake of clarity we state the
following Tauberian-like theorem for single singularity that we are going to use (for further
reading see Flajolet and Sedgewick [32]).

THEOREM 4 [32]: Let A(z) =), ~0an2" be analytic at zero with R the radius of conver-
gence. Suppose that R is a singularity of A(z) that can be continued to a A-domain at R.
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If for a real number 3 ¢ {0,1,2,...},

lim (1 — z/R)’A(z) = g,
z—R
where g is a non-zero constant. Then,

Ay ~ LnﬁflRﬂﬂ

INGE))
where T'(B) 1is the value of Gamma function at 3, and a, ~bn is equivalent to lim,,

(an/bn) = 1.

5.1. Exact Tail Asymptotics for a Busy Server

The following theorem provides asymptotic properties of the boundary probabilities p; o(1),
and it is a direct consequence of Theorems 3 and 4.

THEOREM 5: If p < 1 then, when i is large, we have three types of tail asymptotic properties
for the boundary probabilities p; o(1):

1. Ezact geometric decay: If xqom = ¢* = x4 < x3, then

1 \!
pio(1) ~ Ciy (> , 1> 1
T

2. Geometric decay with prefactor i=V/2: If Tgom = ©* = x4 = x3, then

C B 1 —1 .
pio(1l) ~ \/27’»:2 1/2 (xd ) . i>1;

—3/2

3. Geometric decay with prefactor i S f xgom = 3 < ¥ = 400, then

m I3

C 1\"?
pi,O(l) ~ %i73/2 () ) 0} 2 17

where Cj o, © =1,2,3 are given in Theorem 3.

We proceed with the characterization of the asymptotic behavior of the marginal

1 _

probability m; " = 3", p; ;(1). We compute

a® (z, D) () + 0D (2, Drl) (1) + e (2, 1)7D) (0, 0)

1 _
7T( )(x, 1) = —k(l)(l’,l)
_ o it — V(@) + O+ ) (5 (1) + 73 (0,0))
At §uii(1 - gitx)

Following the discussion in [52], p. 17, it can be seen that the Tauberian-like theorem can

be applied for the marginal probability wgl):
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THEOREM 6:

lim <1 x) M(x,1) = C;,

e—Epni /M s /2

where

~

(1 f)“; (1) * /Y A1 (1) (1)
— 7 Spp A + T 1) 47 0, 0)).
A T 1 ( 1/ 1) € T( 2 ( ) ( ))

Ci=

(

%

Y has an ezact geometric decay with decay rate equal to T gom =

~ i—1
A
Tl'gl) ~ Ci 1* .
Sppy

Next, we focus on the exact tail asymptotic behavior for joint probabilities p; ;(1).
Following the lines in Theorem 7.1 and Lemma 7.2 in [43], we conclude to the following
theorem.

The marginal probabilities
JULYRSE

THEOREM 7: Corresponding to the three types in Theorem 3, when i is large, we have the
following tail asymptotic properties for the joint probabilities p; ;(1) for a fized j:

1. Ezact geometric decay: If xgom = ©* = x < x3, then

ot~ 5 (i) () e

2. Geometric decay with prefactor i='/2: If Tgom = ©* = x4 = x3, then
j—1 i—1
by (-Tdom)CQ,O 1 ! —1/2 1 ' ; .
piji(1) ~ — i — ) izl
ﬁc(xdom) Y, (xdom) Tdom
3. Geometric decay with prefactor i=3/%: If gom = x3 < x* = 400, then

Y

L,

@)t G- i) (1 N L (1Y
Pisi(1) Ve(zs) (Yl(l‘S)) (IB) 7J

2Aoby (2) =M @® = (Ajia +iiz) 2+
2X2zc(x)

where [(x) = Cs0, and by (z), c(x) are given in (3.18).

5.2. Exact Tail Asymptotics for an Ildle Server

Our knowledge on the exact tail asymptotic properties of the boundary, marginal and joint
distributions for a busy server, will help us to obtain the corresponding properties for an
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idle server. Clearly, setting y = 0 in (2.6) we conclude in

1—p)pi
HOz,0) = —2—HD (2,0 + (71, (5.2)
A+ pi At pi

which means that H (z,0) and H™(z,0) have the same asymptotic property. Setting
y =01n (2.6) we conclude in

aHO(2,1) = pH W (@,1) = (5 - pi3) [(1 = OHO(,0) - €HO(0,1)
+ (1= p)[(1 = ui + Eps). (5-3)

Substituting (5.2) into (5.3) yields

aH o) = 1) = (i = 5) | GO 2,0)

~EHO0.] + (0= p) |24 - ot + e

Thus, H(O)(x, 1) and H(l)(x, 1) have the same asymptotic property. Based on the above,
we have the following conclusion:

THEOREM 8: If p < 1 then,

1. For large i, we have three types of tail asymptotic properties for the boundary
probabilities p; o(0) correspondingly.

(a) Exact geometric decay: If Tgom = x* = x4 < x3, then

L 1 i—1
Di,0(0) ~ *Clo( ) , 121
A+ L

(b) Geometric decay with prefactor i'/?: If xgom = a* = x4 = x5, then

i—1
p Cop. i—1/2 1 :
i,0(0 , 1>
b ’0( ) )‘+,u1 f <xdom !

3/2.

(c) Geometric decay with prefactor i If Tgom = x3 < ° = 400, then

1—2
1% 030 / 1 .
,0(0 — ’ >17
pal0) ~ g SR () s

where C; o are given in Theorem 3.

2. The tail asymptotic property of the marginal distribution wgo) = Zj>1pi,j(0) 18

determined by
~ i—1
A
7%(0) MC 1 7
Eppy

where C; is given in Theorem 6.

Finally, referring to the second equation in (2.4) we conclude in the following theorem
for the tail asymptotic behavior of the joint probabilities p; ;(0):
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THEOREM 9: Corresponding to the three types in Theorem 3, when i is large, we have the
following tail asymptotic properties for the joint probabilities p; ;(1) for a fized j:

1. Ezact geometric decay: If xqom = ¢ = x4 < x3, then

1 b1(1‘+)01 0 1 i-1 1 ot .
. ~ > _ > 1-
Pii(0) a  c(zy) Yi(74) T4 =k

2. Geometric decay with prefactor i—'/2: If xgom = ©* = x4 = x5, then

:ubl(l'dom)OZO 1 i=t ,71/2 1 i-1 .
i (0) ~ —2 d —_— , > 1
p J(O) Yl( ) ? J

@ \/’TTC(xdom) Tdom Tdom

i—3/2.

3. Geometric decay with prefactor i If xgom = x3 < x* = +00, then

B bi(3)Cs0 + (5 — Di(xs) 1o\ (L i
pi;(0) o Vvre(zs) (Yl(x3)> <x3> , j>1,

where
owby () — N2 — (A + fiy + fin)x + iy
2hpzc(x)

Cs0,

)

(z) =

and by (x), c(z) are given in (3.18).

6. THE MODEL WITH GENERAL SERVICE TIMES

In the following, we consider a generalization of the main model by assuming that the service
time distribution is not exponentially distributed, but instead, it is arbitrarily distributed
with cdf (cumulative distribution function) B(z), pdf (probability density function) b(x)
and Laplace-Stieltjes Transform (LST) 3(s) and mean b. The assumption of arbitrary dis-
tributed service times will change our analysis, but hopefully, we are able to use the approach
developed in Cohen and Boxma [17] and transform the inherent functional equation into a
boundary value problem of the Riemann type.

Let X;(n), to be the number of type 4, i = 1,2, retrial customers in orbit ¢, just after
the end of the nth service completion. Define by A4;(n), i = 1,2, to be the number of type
¢ customers that arrive during the nth service service time. Denote for |z1| < 1, |22| <1,

Ty = lm Pr((Xi(n), X2(n)) = (m,1)), (21, 22) Z Z?Tm 121" 22.

n— oo
m=0 [=0

Clearly, if r; = \;/A, i =1,2, A = A1 + Ao,

0 k
P(Ay = k, Ay = m) = dy = / et QO s Db
0

k! m!
*(z1,22) Z demzl 250 = B (M1 — 1121 — r222)).
m=0 =0
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Set y := A(1 — r121 — ro22). Considering the transition probabilities during successful
service completion epochs we obtain,

m+1 1 m 141

i1 12
Tl = ~————— Z Z Ty ko Q1 —ky l—ky + ——— Z Zﬂ'kl,kz m—ki,l+1—ks
)\+u1+u2 —1 ka=1 )‘+“1+“2 —lho—1
M* m—+1
1
—_— Z Z Thy ko Oy l—ko T+ Z Tk ,08m+1—k1,1 + T0,00m 1
>\+u1+u2 ~ o /\+u’{k1:1
m « 1+1 l
o
m—ki,l T P 0,k 41— ko T Nt 0, ko Drn 1 — ko -
= M2 20 e}

Forming the generating functions we conclude that
K (21, 22)11(21, 22) = A(z1, 22)T1(21,0) + B(z1, 22)T1(0, 22) + C (21, 22)11(0, 0), (6.1)
where

= Z129 — I?(Zl, 22), (62)

E Z1,22) = zlé(zl,zg) — I?(Zl,ZQ), (6.3)
Clz1,20) = K (21, 22) + 22(r1218* (y) — A(21, 22)) + 21(r2228* (y) — B(z1, 22)),
and
~ 29 + ozl + Az1 2
R(ar,z) = |02 ey,
e /’L1+AZ1 * 53 M§+)\Z2 *
A = B == . 4
(21722) P B ( )7 (21722) At 113 B (?J) (6 )

In order to present the essential character of the analysis and to avoid intricate technical
problems, we consider the following assumption: In the following, assume that p} = u1 +
pa = . More precisely, when orbit queue 1 (resp. 2) empties, the re-dispatch rate at orbit
queue 2 (resp. 1) increases to py + ps. Taking into account that assumption, the functional
Eq. (6.1) becomes,

(2122 — (jia 22 + fiaz1) 3% (21, 22) (21, 20) = B (21, 22)
X {(2’2 — zl)[ﬂgﬂ(zl, 0) — /ZlH(O, 2’2)] + [2:12:2 — (ﬂlzl + ﬂQZQ)]H(0,0)} R (65)

where ji; = ﬁ,i: 1,2, i = py + p2 and
. 08* (N1 — _
B (21, 2) = — B ( (* T121 — T222)) .
g+ A1 —=8*(A1 —riz1 —rez2)))

We have to note that $*(z1,22) is a probability generating function. Indeed, let B be the
time elapsed from the epoch a service is initiated until the epoch the server remains idle
just after a service completion of an orbiting customer of either type. Then, it is easy to see
that the probability generating function of the number of customers that arrive during B is

(6.6)

oo k
e =3 (55) ral 00 -na )
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Remark 1: Note that the model under generally distributed service requirements, is closely
connected with a two queue polling system with probabilistic scheduling and a generalized
service time. More precisely, the server offers service of duration B, and upon such a service
completion epoch, the next customer to be served comes from queue ¢ with probability fi;,
i=1,2.

The analysis of the kernel of (6.5), 2120 — (fi122 + /1221)6* (21, 22) is the starting point
for the determination of II(zy, z3), which is regular for |z;| < 1, continuous for |z1| <1 for
every fixed zg with |z3] < 1; and similarly, with z1, 2o interchanged.

6.1. Analysis of the Kernel

Following Cohen and Boxma [17], consider the kernel for

21 =gs, 7o =gs ", [s| =1, |g] < 1.

Consequently,
K(gs,gs™") = g* = glins~" + fias] 3" (g5, 957 "),
— D% o —1
B0 = i s P
LEMMA 5:

1. If )\B(%) <1 the kernel K (gs, gs™) has in |g| < 1 ezactly two zeros, of which one
is identically zero. The other zero, say g = g(s), is given by

9(s) = E([ris + ras™ " Maas™" + fias]™), (6.7)

where n be the number of customers being served in a busy period of an M/G/1
queue with arrival rate X and service time distribution with LST 3*.

2. For|s| =1,
g(s) = —g(=s), 9(5) =g(s)
PROOF: See the appendix. [ |
Define,

Sy:={z1: z1 =g(s)s, |s| =1}, Sy:= {22 o g(s)sil, ls| = 1}.

A point of major concern is to prove that the contours Si, So are simply connected. However,
this is not true for general fi;, ;. We further restrict our analysis to cases where it is rather
easily to prove that Sy, Sy are simply connected, and from hereon we will also assume that:

1 =71, [ =71y T1>T2 (6.8)
Under that assumption it follows that
g(s) = [r1s™ + ras]E(|ris 4+ ros 1P,

since, for [s| =1, 11871 + 138 = 115 + 195~ L.
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LEMMA 6: The contours S1, So are simply connected and smooth.
PROOF: See the appendix. [ |

It is easily seen that z; =0 € Sy, 20 =0 € Sy, where Sj, S, denote the interior and
exterior of the contour S;, i = 1, 2, respectively.

6.2. Kernel’s Parametrization

Now, following Cohen and Boxma [17], p. 161, we have to consider the following boundary
value problem for the functions z1 := g(s)s, 22 := g(s)s~!: To construct in the z-plane
a smooth contour L and a pair of mappings z1(z), © € LT UL, 2o(z), v € L~ UL such

that:
1. 2z1(z) is regular and univalent for z € L, continuous for z € LT U L;
z9(x) is regular and univalent for € L™, continuous for x € L™ U L.
2. z1(x) maps Lt conformally onto S;
z3(x) maps L~ conformally onto S .
3. z{(2), z; (x), * € L is a zero pair of (6.2), where
(@)= lim  z(y), z(r)= lim  z(y).
y—z, yeLt y—x, yeL—

4. 21(0) >0, z1(1) =1, 22(00) = 0, 0 < d := limy| o [22(2)| < 00.

We proceed with the determination of L, and the mappings z1(.), 22(.). Since for z € L,

(27 (), 25 (x)) is a zero pair of (6.2) for |z;| < 1, 20| < 1 with 2] (2) € S1, 25 (z) € Sa, we
may write

ZT(I) _ g(ei)\(nc))ez'/\(z)7 22— (1,) _ g(ei)\(:r))efi)\(w)’ (6.9)

where A(.) : L — [0, 7], A(1) = 0. Then it is seen that for z € L:

— 2( i\ (x)
log 2, (%) + log xzzd(x) =log %‘Z) +logz,
log 2, () — log MQT@) = 2i\(z) — logz + log d. (6.10)

Using the usual procedure as in [17], the solution of the above boundary value problem is:

_ 1 Oy 2 fote G+ 1de
() = e { o [ e {ate0c H{E -2 wern,
_ -1 b /2 JE+z  (+1dC _
oala) = exp{ 2m/¢eL“0g{g(e erpl{e el per
Applying Plemelji-Sokhotski formulas for z € L gives:
— (iA@Y L/ 1 inoyer2g f ot C+1dg
F ) = o e { o [ o foter oy {52 - AL

. 1 . 1d
(0 = o Pexp{ o [ o {ater e {52 - S0 AL
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Substituting back in (6.10) gives the following relation for the determination of L, \(z),
x € L:

exp {i\(z)} = zt/? exp {217” /CEL[log {g(ei)\(C)Cl/Z}] {gjz B giridf}} .

6.3. Solution of a Riemann Boundary Value Problem

Since for x € L, (2] (), 25 (z)) is a zero pair of (6.2), it readily follows from (6.5) that

ra(2] (2) — 23 (2))1(2 (2),0) + 11(25 (2) — 27" (2))11(0, 25 ()
= (2 (2)2; (¥) = 1127 (x) — 1225 (2))11(0,0).

Using (6.9) we conclude in:

r ~

(s (2),0) = 2110, 5 (@) + T(a),

r
where
g(ei)\(ac)) _ rlez’)\(z) _ rze—i/\(x)

ro (Tlei/\(z) _ r2€7i)\(a:))

Thus, we come up with the following Riemann boundary value problem: For a simply
connected Jordan contour L and the mappings 2;1(z), © € LU LT, 25(z), x € LU L™, find
two functions such that

1. TI(z1(x),0) is regular for x € L*, continuous for z € LU L™;
T1(0, 25 (x)) is regular for x € L™, continuous for z € LU L.

2. Satisfying the boundary condition: for = € L,
(= (), 0) = 22110, 25 (2) + J (@),
2

Since the % never vanishes, its index is ind,.¢ L% = 0, and clearly % satisfies the Holder

~

condition on L. Moreover, J(z) satisfies the Holder condition on L, since both its numerator
and its denominator satisfies it. Thus, the solution of this Riemann boundary value problem

is given by:
roll(21(x),0) = % /ceL j(o% +r11(0,0), x€L",
P TI(0, 25 (x)) = % /CEL f(g)% +rol1(0,0), @€ L~ (6.11)

Let now z = wy(z1), z1 € Sf, and x = wa(z2), 22 € S; the inverse mappings of z;(x),
25(z), respectively. These are conformal mappings of S;" (resp. S;7) onto L* (resp. L7).
Since S7, Sy and L are smooth, by the theorem of corresponding boundaries [47] is implied
that w(.) maps S7 onto L, and ws(.) maps Sy onto L. Finally, let ws : S; — S3 a mapping
from the contour S; onto the contour Sy (its existence is ensured due to Theorem 1.1,
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p. 101 in [19]), such that, for every = € L, the pair (2] (), wa(2] (x))) is a zero pair of the
kernel (6.2), that is, wa (2] (z)) = 25 (x). Then, J(z) may be rewritten as:

~ z+xw2zf'x —rlzfx—rgwng'z
J(z) = 1 (@)wal Z(+zl)_w2(i+)($)) ( ())H(0,0):f(x)H(0,0).

Applying the Plemelj—Sokhotski formulas [33] we have for 2 € L

ol 0 = TR [ 05+ S/@m0.0) +ni0.0),
FII(0, 25 (2)) = Hg;;ro) /CEL f(C)Cd_—Cx — ST@)I0,0) + r21T(0,0). (6.12)

We now obtain I1(0,0), by deriving some preliminary results from the functional
Eq. (6.5), under assumption (6.8). Setting zo = 1 in (6.5), and subsequently letting zo — 1,
and vice versa yields the following linear relations between II(0, 1), II(1,0) and II(0,0):

7"1(1 —p) = T1H(0, 1) — TQH(LO) + ’I“QH(O, 0),
ro(1 — p) = roII(1,0) — r1I1(0, 1) + mI1(0, 0), (6.13)

Summing (6.13), results in T1(0,0) = 1 — p. Letting  — 1 in the first of (6.11) we obtain
I1(1,0) and then substituting in one from (6.13) we can obtain II(0, 1). Note that TI(1,0),
I1(0,1) denote the probability of finding the second and the first orbit queue empty at
service completion epochs, respectively.

Note also that the stability condition p = )\E(%) < 1 has a very nice probabilistic
interpretation. Indeed,

ChAA ] A
p—Ab(H)<l<:>>\b<1.
1 R

This condition can be rewritten as

E(BY =1|X;(n) > 0,i =1,2) + E(B® =1|X;(n) > 0,i=1,2)
+ E(A1(n) + BE(As(n)) < 1, (6.14)

where FE(A;(n)) = A\;b be the expected number of customers of type i that arrive during a

service time. If By(,z) be the number of external arrivals of type i at the epoch at which the
nth service starts, then (6.14) says that the mean number of external arrivals of either type
between two consecutive departures during a busy period must be smaller than one, which
is expected in order the system to be stable.

6.4. Performance Metrics and Computational Issues

In the following, we derive expressions for E(X;), that is, the expected number of customers
in orbit 4, ¢ = 1,2. Using (6.5) for zo = 1 and differentiating with respect to z;, and then
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setting z; = 1 and vice versa yields:

E(Xl):n[ﬁ M (““) (b<2> A(by)}—ﬁ(” 4 (z,0)

20-p) \ £ fi 1—p)d= =l
)\2 <ﬁ+>\> (— 2 )\(l_))2>:| T1 d
E(Xs) =19 [p+ B2 (b 4 222 - —T1(0, 2
(o) =r> [p 20=p) \ £ fi ra(1 — p) dzs (0,22) -
(6.15)
Differentiating (6.12) with respect to « and substituting x = 1 yields
d 1 d (1- p/ d¢ } 1 / ]
—1II(21,0 = - — : —(1- 1
dzy (21,0) =1 ra(277) (1) le { 2im Jeer f(C) C—x) |, 2( p)f (1)

1 1—0p
ra2(2) (1) l AT Jeer dC]

d 1 d (1—=p / d¢ } 1 / }
—TII(0, z =— - ——(1- 1
w2(2lr1m%mumuﬂm{mwcaﬂoc L atrw
1 1-— —f1
rwy (1) (21)"(1) | 2im Jeer -1
where “’” means first-order derivative. For an efficient computation of the integrals,

we proceed with the following parametrization of the contour S; using the mapping
¢ :10,2n] — C,
¢(t) _ g(e(—1/2)it)e(1/2)it7
+

and set 1(t) := wi (¢(t)), t € [0,27], where w; (.) is the inverse mapping of z;"(.). Then,

_ 1 d {¢(t)wz(¢(t)) —r19(t) — raw2(9(1)) }
i—o 1 (0)dt o(t) — wa((1))

To proceed, we need some extra preliminary results. Having in mind that

g(s) = (ris™" +r28)B(g(s)s, g(s)s™ ),
implicit differentiation with respect to s, at s = 1 yields
%)
—p

Thus, $(0) =1, ¢ (0) = rai, ¢ (1) = ra(r1 —ry — ). Since (2] (), wa (2 (2))), w € L is
a zero pair of the kernel, it is seen that

2 (@22 (@) = (rwa( () + ra2 (2) B (), w2 (2] (2))),

and thus, differentiating with respect to x, at x = 1 yields after some algebra

t=0

’ 1"

W =r=ri g =2n (1442

’ r 1 QT
wy(1) = *é’ wy (1) = @Ti/))
Therefore,
’ Tl’r‘gip N T‘Qi
J)=r—"F7-, ()1)=-
W= oy “ W=
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Substituting the last equation into (6.16) yields

d _rp (0 —=p)d [ 1 d¢
leH(Zl,O)|21—1—2T2+Q.dx{./CELf(O }

51 2im

) O ) d “ =t (6.17)
_rep _n(O)=p)d [ 1
d—ZQH(o,zg)\zz:l = o 2 da {% /CEL f(C)C — x} .
Regarding the last term in the r.h.s. of (6.17) we write:
d [ 1 d¢ _d 1 O —f)—(=Df (1)
dx{%/ceLf@)C_x}u_l—dx{% B - dc} -
A1 [ fOE=DfM),,
dr | 2im Jeer (—=z =1
1 FO-f)-C-nf@ 1,
= 3ir Jeer c-yr el

Then, changing the variable of of integration we obtain:
/ 1
7 @dt+ 51 (1),

d {1 dg () = F() = (1) = 1) f (1)
CZI{%/CeLf(OCx} ( )
6.18

e 27 Jy (n(t)—1)?
with the aid of which we can found that f(1) = ro — ry. Substituting (6.17), (6.18) to the
first equation in (6.15) we can obtain F(X;). Similarly we can obtain F(X3).

7. NUMERICAL EXAMPLE

In the following, we present a simple numerical result, focusing on the model with expo-
nential service requirements analyzed in subsection 4.1. We investigate the probability of
an empty system using (4.15) and assume that ps = 3, p =4, u7 = 3, pub = 4. The contour
integrals in (4.15) were evaluated by numerical integration using the trapezium method.

More precisely, we firstly change the variable ¢ = 1/ i1 /S\Ieid’, ¢ € ]0,27), changing the

differential to dt = \/ﬁl/xiewd(b. Then, we divided the interval [0.27) into K = 20,000
equal parts and apply the trapezium numerical integration approach, evaluating the
integrand at points ¢, = 2wk/20,000, k =0,1,..., K — 1.

In Figure 2, we can observe the impact of Ao on the probability of an empty system,
for different values of A;. Clearly, as we increase Ao, P(N; = 0, Ny = 0,C = 0) decreases, a
result that is expected. Figures 3 and 4 compare P(N; = 0, Ny = 0, C = 0) for our model and
the model in Avrachenkov et al. [7], where no coupled orbits were considered. In Figure 3,
we observe that when Ao takes relatively small values, P(N7; = 0, Ny = 0,C = 0) is clearly
larger for our model. However, as Ay increases, the impact of coupled rates decreases, since
it is more likely the arriving customers to occupy the server, and thus, the two systems
give similar values on P(N; = 0, Ny = 0,C = 0). Finally, Figure 4 describes the impact of
coupled retrial rates on P(N; = 0, Ny = 0,C = 0) for increasing values of p;. It is seen that
the increase in pup, will increase P(N; = 0, No = 0,C = 0), and clearly for the model with
coupled rates, that increase is more apparent, compared with the model in [7].
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FIGURE 3. Comparison between our model and the model in [7] for Ay = 0.5, py = 2.
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FIGURE 4. Comparison between our model and the model in [7] for A\; = 0.5 = As.

8. CONCLUSION

In this paper, we provided a thorough investigation of retrial queueing systems with two
classes of retrial customers and coupled orbit queues. The main characteristic of the system
is that when an orbit queue empties, the re-transmission rate of the other one is affected. For
exponential service requirements, stability conditions were investigated and the joint orbit
queue length distribution was obtained with the aid of Riemann—Hilbert boundary value
theory. Exact tail asymptotic properties of the stationary orbit queue length distribution
were also investigated. For arbitrary distributed service times, the joint orbit queue length
distribution was obtained in terms of the solution of a non-homogeneous Riemann boundary
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value theory. Performance metrics were derived and used to present a simple numerical

exa

mple.
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APPENDIX

LEMMA 7: Under stability condition, B(Xo(y),y) # 0, y € [y1,y2].
ProoF: K(z,y) = 0 reads,
y(@ = 1) (@1 — Miz) = 2(y — 1) oy — fiz).
Combining with B(z,y) = 0, yields for (z,y) ¢ {(0,0),(1,1)}:
Aop1 (N + p2 — d2)y + A1 (pop1 — da(A + p1)x — fap + firde = 0.

However, for |z| <1, |y| <1,

[Aop1 (A + p2 — d2)y + A1 (p2p1 — d2(X + p1)z — fapr + firda|
< Aopr (N + p2 — d2) + A (popr — do(N + p1)x — figpy + firda

- Ao + — [
= [fi1 — A(A1 + p1)][d2 -I—MM

<0,
f1— AA1+ Nl)]

under stability conditions. This proves that the only solutions to K(x,y) = B(z,y) =0 in |z| < 1,
‘y‘ < 1a are (070)7 (17 1)7 and thus B(XO(y)>y) # 0 for Y€ [ylva]' u

PROOF OF LEMMA 5: Clearly, for fixed |s| = 1, g = 0 is a zero of K(gs,gs™ '), |[g| < 1. For |g| =1
it is seen that for |s| =1, s # £1

— —1 _ e —1 _ =1 _
[[a1s™ " + fi2s] 8™ (gs,gs™ )| < |p1s™ + jes| <1 =gl

Since 3*(gs,gs ') is regular in g for |g| < 1, with fixed s, |s| = 1, and continuous for |g| < 1, by
applying Rouche’s theorem [16] to the contour |g| = 1 it is seen that g~ K(gs, gs~!) has for every
fixed s, |s| =1 a unique zero in |g| < 1, with multiplicity 1. Set now,

h(s) = (r1s + 125" 1)g. (A.1)
Substituting in

—1 —1 _ —1 — 3 —1
g "K(gs,gs ) =g— s + f2s]f (gs,gs ),

we conclude in

A5 (A1~ )
A= B O - W) (A-2)

h=T[a1s" "+ azsl[ris +ras” ']
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Applying Takacs’ lemma [16] to (A.2) we find that if p = )\Z_J(ﬁT":)‘) <1:

oo P | P —11\ynyn—1 0o .
s =Y ([p1s +M2$][T1ns!+7“28 D™A /0 e Mn=145m" (1)

n=1
= E([i1s™ " + figs])"[ris 4+ ras ™). (A.3)

From (A.1) and (A.3) it follows that
1]’!7,71[7

g(s) = E([r1s +r2s™ u1871+ﬂ23]").

The validity of the second statement it can be seen by considering the equation

g(s) = s~ " + fi2s]B8" (g(s)s, 9(s)s ™).

| ]
PROOF OF LEMMA 6: For |s| =1
S1 = {zl Doz =[m +7’252}E(\r13+r2371\2n72)},
Sy = {22 © 2o = [r18~2 + ro) B(|r1s + r23*1|2"*2)} . (A.4)
Let,
_ . _ 2 I . o 2i¢
U1—{u1. up =11 +1ros”, \s|—1}—{u1. up =11 +ree”?, O§¢§27T},
Us = {UQ Doug = T18_2 + 7o, ‘S| = 1} = {UQ T Ug = T16_2i¢ +1re, 0< ¢ < 271'} . (A5)

Clearly, Uy, Uz are smooth, simple contours, and if s traverses the unit circle once anticlockwise,
U, is traversed twice anticlockwise and Uy is traversed twice clockwise. Note also that for |s| =1,

0<|ry —ro| =|lr1s| — |r2871|| < |r13+r2571| <|ris|+ |r2571| =r1+re=1
Since n > 1 with probability 1, it follows that
0<(r; — r2)2 < E(\r15+r23_1\2"_2) <1
Consequently, S1 C {z1 : Re(z1) > 0}. Moreover, since for s = =+,
(r1s™% 4 12) E(|r1s + ras™ ' "7%) = (ra — 1) E((r1 — r2)™" %) <0,

we realize that zo = 0 ¢ Sy. Therefore, S1, S are both simple, smooth contours. |
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