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Abstract. In this paper, we review a retrial queue with MMPP input
and two-way communication. Incoming requests arriving at the server
and finding it busy join the source of retrial calls and try to enter the
server again after some exponentially distributed time. While idle, the
server makes outgoing calls and serves them with another delay parame-
ter. MMPP (Markov Modulated Poisson Process) is an input process in
which control is driven by a continuous Markov chain. Changing its state
entails a change in the intensity of the input process. For this model, we
present an asymptotic approximation of the two-dimensional character-
istic function under the condition of a long delay of requests in the source
of retrial calls. For this approximation, we carried out a numerical experi-
ment, where asymptotic results were compared to computations obtained
via simulation.

Keywords: Output process * Retrial queue + Two-way
communication + Asymptotic analysis method - Simulation - Markov
modulated poisson process

1 Introduction

The specific property of RQ systems [10,16] with two-way communication [16]
is the presence of different request types, which gives rise to many new service
disciplines. For this reason, RQ systems with two-way communication are a pow-
erful tool in design and optimization of real-life systems with multiple random
access to a resource. Despite that these systems are well studied, their output
process is still a complex and insufficiently explored area to research.

In modern telecommunication networks, there are also point processes with
a varying rate of calls incoming. To simulate such jobs within the framework of
queuing theory, the Markov Modulated Poisson Process (MMPP) [2,10] is used.
It has a mechanism for taking into account the temporal inhomogeneity of the
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arrival rate of requests and also gives analytically processable queuing results
[11]. For this reason, MMPP is widely used in Internet research, in particular,
using MMPP in [13], a traffic model that accurately approximates the LRD
(Long Range Dependence) characteristics of Internet traffic traces, was built.
Using the concepts of sessions and streams, the proposed MMPP model simulates
the actual hierarchical behaviour of Internet users generating packets. It allows
traffic simulation with the desired characteristics, that have a clear physical
meaning. The results prove that the queuing traffic behaviour generated by the
MMPP model is consistent with the model created by the actual traces of packets
collected at the edge router under various scenarios and loads.

Earlier, we presented a similar work, where a retrial queue with Poisson input
process is described [3]. In this paper, we take into consideration an improved
model with MMPP, which is more suitable for modelling real optimization prob-
lems. We find the approximation of the characteristic function of the number of
served requests in the considered system using the method of asymptotic anal-
ysis. Subsequently, we determine the applicability of the asymptotic results by
comparing them to calculations provided with simulation software, which was
designed especially for this research.

2 Mathematical Model

MMPP is qualified with two matrices. Matrix of infinitesimal characteristics
Q defines the state. Value ¢;; determines the intensity of the transition of the
process from the state ¢ to the state j, and the value —g;; is the intensity of
leaving the state i. The matrix @ has property » ;i = 0. The diagonal matrix
A specifies the rate of calls for each of the states of the process.

Let us consider the RQ system with MMPP input. An incoming request takes
the server if it is idle. The server, in turn, starts serving it for some exponentially
distributed time with parameter p;. When an incoming request cannot access
the server, it travels to the source of retrial calls, where waits for exponentially
distributed time with parameter o. While free from serving incoming requests,
the server produces requests itself with the intensity o and serves them with
parameter po.

We denote the following notations: () is the number of requests in the orbit
at the moment ¢, k(t) is the state of the server: 0—idle, I—busy serving an
incoming request, 2—busy serving an outgoing request; mq(¢) is the number of
served input process requests at the moment ¢, mo(t) is the number of served
outgoing requests at the moment ¢, n(t) is the state of the input process at the
moment ¢.



The Two-Dimensional Output Process of a Retrial Queue with MMPP Input 335

o OO i

(¢}
G\&ﬁ m(t)
MMPP i, —>‘(t)
QA o .

P
") o) '\)a

Fig. 1. RQ system with two-way communication

3 Kolmogorov Differential Equations System

We consider the five-dimensional Markov process
{k(t), n(t),i(t), mi(t), ma2(t)}
Based on the formulated Markov process, we introduce probabilities
PLk(t) = kon(t) = nyi(t) = i,ma (t) = my, ma(t) = ma}
and write down for them the Kolmogorov differential equations system

8P0(nai7m13 vat)

= —(A\p +io 4+ a)Py(n,i,my, ma, t)

ot
+ Pl(n,i,ml — 1,m2,t),u1 + Pg(n,i,m1,m2 — l,t),u2
N
+ZPO(U77;7m17m27t)q'una
v=1

apl(naivmla m27t)

ot :*(An+,ufl)Pl(n7i7mlam27t)

+ (’L + 1)0P0(7L,i + 1,m1,m2,t) + )\nPO(i,ml,mg,t) (1)
N
+ZP1(Uai7mlam27t)qvn7
v=1
8P2(n7i7m1;m27t)
ot

= *(An + ,UIQ)PQ(naivmlam%t)

+ A Pa(n,i — 1, my, ma, t) + aPy(n,i,my, ma,t)

N
+ ZPZ(Uai7mla m27t)qvn~

v=1

Since the obtained system is infinite, we introduce the partial characteristic
functions, denoting j? = —1. Such wise we passed to the system, having only
three equations.

oo

oo (oo}
Hk:(nv U, Uy, U2, t) = § § § ejulejlumlejugmzpk(n) ia my,ma, t)

=0 777,1:0 ma 0
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We rewrite system (1) considering introduced partial characteristic functions

aHO(nv U, Uy, U2, t)

8t = 7()\n+a)H0(TL,U7U1,’U,2,t)

OHy(n, u,uy, ug, t)
ou
+ e Hy (n, w, ug, ug, t) + poe? 2 Ha(n, u, uy, ug, t)
N
=+ ZHO(U7U7U17U27t)QUm

v=1

+ jo

aHl(n7 U, Uy, U2, t)
ot

= —(An + 1) Hi(n, u, u, ug, t)

_ jge-iu OHy(n,u,uy,us,t)
ou
+ A Ho(n, u, uy, s, t) + A\pe?“Hy (n, u, uy, ug, t)
N
+ ) Hy (v, u,u1, 42, ) qun,

v=1

8H2(n7u7u17u27t)

- _(>\TL + ,UQ)HQ(”, u,uy, Uz, t)

ot
+ A Hy(n,u, uy, ug, t)
N
+ aHy(n,u,uy,ug, t) + ZHg(v,u,ul,UQ,t)qm.
v=1

For further analysis let us denote
Hk;(U,’(,Ll,UQ,t) = {Hk(lvuaulaUQ?t)? Hk'(27u7u17u27t)a sy Hk(Na Uu, Ul,UQ,t)},

diagonal unit matrix I with size N. Then (2) will be rewritten in the following
form

OH o(u,u1,uz,t)
ot

=(Q — A—al)Hy(u,uy,us,t)

+ ulejulHl(n,u,ul,ug,t)

) OH o(u,uy,us,t
+ poe?"? Ho(u, ui, ug, t) +j0%’
OH | (u,uy,us,t)

ot

= AHO(U,Ul,Ug,t)

+(Q+ (ej“ — DA —Tp)Hq(u,uy,ug,t)
juaHO(u;uhuQat)
ou ’

— joe~
aHQ(ua Uy, ug, t)
ot

= aHo(u,uy,uz,t)

+(Q + (7 —1)A — Tpo)Ho(u, up, ug, t).
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4 Asymptotic Analysis Method

We solve the obtained system with the asymptotic analysis method with the
limit condition of a long delay of requests in the orbit (o — 0).
Denoting € = o, u = ew, F(w, u1,ua,t,€) = Hy(u,ui,u,t) we (3) as

8F0(w,u17uQ,t, 6)
ot

= (Q - A- aI)FO(w7u17u27ta€)

+u16j“1F1(w,u1,u2,t,e) +M2€ju2F2(w7u1au25t7€)

OFo(w,uy,ug,t,€)
+7J 0 ;

OF (w,uy,uz,t,€)
ot

= AFo(w,U17u27ta6) (4)

+(Q+ (ej“” — DA —Ip)F1(w,uy,us,t,e€)
8F0(1U,U1,U2,t,€)

ow ’

je—jew

OF s U2, t
2(11)715; (0 76) — OLFO(w;ulau27t’€)

+(Q + (7Y — 1) A — Tuo) Fo(w, ur, ua, t, €).

The solution for system (4) is formulated in Theorems 1 and 2.

Theorem 1. Let i(t) is the number of requests in the orbit at the moment t,
then in the stationary regime we obtain

2
li F — lim M Jwoi(t) _ jwk
EE%{I;J k(w,0,0,t,€)} lim Me elvr

where K is a positive Toot of the equation
kRy(k)e = [R1(k) + Ra(k)]Ae.
Vectors Ry, are defined as
Ro(k) = {I + [A+ k(I = Q)" + a(u — Q)17
R (k) = Ro()[A+ (I — Q)"
Ry (r) = aRo(k)(u2I — Q).

The row wvector r is the stationary probability distribution of the background
process n(t), which is obtained as the unique solution for the system rQ =
0,re=1.

Proof. In (4), we denoted u; = us = 0, which allows us to remove processes
mq(t) and mo(t) from consideration. Thus we get a system of equations yet for
the three-dimensional process {n(t), k(t),i(t)} and consider it in the stationary
regime, which spares us from the time derivative ¢.
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Let us denote
Fi(w,e) = tlim Fi(w,0,0,t,¢).

Then we obtain
(Q—A—al)Fo(w,e) + 1 Fi(w,€) + poFa(w, €) + jFj(w,€) = 0,
AFo(w,e) +(Q + (¢ = DA — L) Fi(w,€) — je 7 Fo(w,e) =0,  (5)
aFo(w,e) + (Q + (7 — 1)A — Tuy)Fao(w,€) = 0.
Making the passage to the limit € — 0 in (5) results in
(Q — A —al)Fo(w) + jn F1(w) + pa Fa(w) + jFo(w) = 0,
AFo(w) +(Q — In1)F1(w) — jFy(w) =0, (6)
aFo(w) +(Q — Tuz)Fa(w) = 0.
Solution for the system will be found as
Fi(w) = (w)Ry, (7)

where R, is the server’s state stationary probability distribution, and &(w) is
the asymptotic approximation of the characteristic function of the number of
requests in the orbit under the condition of their long delay. Substituting (7) in
(6) and dividing it by ¢(w), we get

D' (w
(Q@Q—-—A—al)Ry+ 1Ry + poRo + 3 ( ).R():O7

P(w)
ARy + (Q — Iin)Ry — ijo —0, (8)
aRy+ (Q — ITuz)Ry = 0.
& (w)

Since w only appears in other equation terms do not depend on w. It

P(w) ?
means that @(w) is exponential. Taking into account that &(w) has the meaning
of an asymptotic approximation of the characteristic function of the number of

requests in the source of retrial calls, we can clarify the form of this function

P'(w)  e"™jk
P(w)  eirw ] ©)

which follows to j%;((ﬁ))/ = —k. Let us substitute this expression into (8). Then

we obtain
(Q — A - OzI)RO 4+ p1 Ry + pe Ry — KRy = 0,

ARy + (Q — IRy + xRy =0, (10)
O[RO + (Q - I/,LQ)RQ =0.
Let us write down the normality condition for the stationary distribution of the

number of served requests

Ry+ R+ Ry =r.
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Based on this equation, as well as on the last two equations of (10), we write
the system as
R, = Ro[A + KI](ulI — Q)il,

Ry = aRy(uI — Q)71 (11)
Ro+ Ry +Ry=.

Let us sum up the equations of system (5)

[FO(U}; 6) + Fl(w, 6) + Fg(w, e)]Q + F1(w, 6)(ej“)€ _ 1)/1
+ Fg(w,€)(ejwe _ 1)/1 —|—je—jwe(ejwe - I)FE)(U},G) —0

Multiplying the resulting equations by the unit column vector e, we obtain
{Fi(w,€) + Fy(w,e)} Ae + je 7" Fy(w,e)e = 0.

Then we substitute product (7) into the resulting equation

P (w) _
[R1 + Ry|Ae +j B(w) Roe =0

and make the replacement
[Rl + RQ}A@ — kRpe = 0. (12)

From (12) we can express k with Ry,R; and Rs. In addition, we can rewrite
system (11) as follows

Ro(k) =r{I+[A+cI(nI — Q)"+ afpe —Q) '},
Ri(k) = Ro(k)[A + kI)(uad — Q) ",
Rs(k) = aRo(k)(pd — Q)"

Theorem 1 is auxiliary since the general solution for the system is stated in
Theorem 2 and needs the results obtained at this stage, namely, the normalized
average amount of requests in the source of retrial calls x and the stationary
probability distribution of the server’s state Ry.

Theorem 2. The asymptotic approzimation of the two-dimensional character-
istic function of the number of served requests of the MMPP input process and
the number of served outgoing requests for some time t has the form

lim M{exp(juima(t)) exp(juzma(t))}

= lirr(l){z Fi(0,u1,us,t,€)}e = R-exp{G(u1,us)t}ee,
T k=0
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where matriz G(uy,us) can be written as

Q—A—(a+r)I eI pgel®2I
G(u17u2) = A+’L€I Q_MII 0 )
al 0 Q —,uQI

row vector R = { Ry, Ry, Ra} is the two-dimensional stationary probability dis-
tribution of the process {k(t),n(t)}, where Ry has dimension N, k is the nor-
malized average number of requests in the orbit, and e and ee are unit vector
columns of dimensions N and N - K, where K is the number of server’s states.

Proof. After making the passage to the limit lime_o Fp(w,u1,ue,t,€) =
F.(w, u1,us,t) in resulting system (4), it will be written as follows

M = (Q_A_aI)FO(wau1;u23t)

ot
+ ue?" Fy(w, uq, ug, t)
. OFq(w,uy,us,t
+H2€ju2F2(w7U17U2,t)+J%’
OF1(w,u1,us,t (13)
% = AFg(w,uy,uz,t) + (Q — Iy ) Fy(w, ur, ug,t)

.aFO(w; u17u27t)
Ow ’

= aFo(w,ur,us,t) + (Q — Iug)Fa(w,ur, us,t).

8F2(w7u17u2;t)
ot

Solution for (13) will be found as
Fi(w,uy,us,t) = &(w)F(ug, ug,t). (14)

Substituting (14) into (13) and dividing both parts of equations by &(w) we
obtain

oF t )
OFo(w, us, t) =(Q — A—al)Fo(ui,us,t) + p1e’ Fq(ui,us,t)

ot
. D (w
—+ /tg@quFg(Ul, Ug,t) +]¢((u}))F0(ul7u2,t)a
oF , Uz, t
% = AFo(uy,uz,t) + (Q — Iy ) Fy(uy, ug,t) (15)
D'(w
—J @((w;FO(ulau%t)a

6F2(U1,U2,t>

T = aFo(u1,uz,t) + (Q — Tuz) Fauy, us,t).
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Function @(w) has form (9). After substituting it, (15) will have the form

W =(Q—A—(a+r)I)Fo(u,uz,t)
+ p1e?" Fy(uq, ug, t)
+ poe? 2 Fo(uy, ug, t),
W = (A + KI)Fo(u1,uz,t) + (Q = I ) Fr(ur, us, 1) (16)
+ 0F3(u1, ua, t),
W = aFo(ur, uz, t) + 0F 1 (uy, us, t)

+(Q — Iug)Fa(uy,usg,t).
Let us denote

FF(U]_,’LLQ,t) = {FO(U]_,UQ,t),F]_(Uh’U/Q,t),Fg(U/l,Uz,t)},

Q—A— (a+r)I pe?* T poedv2I
G(uy,ug) = A+ kI Q— I 0 ,
ol 0 Q — ol
G(uq,u2) is the transposed matrix of system coefficients (16). Then we obtain
the following matrix equation
6FF(u1, usg, t)
ot

the general solution of which is

= FF(ul,UJg,t)G(Ulv'U'?)?

FF(uy,ug,t) = CeCuru2)t, (17)

Finding a unique solution corresponding to the functioning of the system
under consideration requires us to set the initial condition

FF(u1,us,0) =R, (18)

where row vector R is the two-dimensional stationary probability distribution
of server’s state k(t), which was found in Theorem 1. With (18) described, we
solve can solve the Cauchy problem (17)

FF(uy,ug,t) = ReCuu2),

Since we are focusing on the probability distribution of requests in output pro-
cesses the marginal distribution is needed. For this, we multiply row vector
FF(uy,us,t) by unit vector-column e of size N and the right part of the equa-
tion by unit vector-column ee of size K - N. We obtain

FF(uy,uy, t)e = ReC11u2)tee, (19)

(19) is the solution for the considered system.
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5 Explicit Probability Distribution

Characteristic function (19) allows us to move to an explicit formula for calcu-
lating probabilities of the number of served requests in output processes m;(t)
and mo(t). (19) contains the matrix exponent, for which we apply the similarity
transformation [4]

G(ul, Ug) = T(ul, Ug)GJ(Ul, ug)T(ul, ’LLQ)_l,

where T'(u1,uz) is an eigenvector matrix of G(uy,us), and GJ (u1,ug) is a diag-
onal eigenvalue matrix of G(uq,us). This conversion is objective for any power
m of some matrix A™, which follows it is also valid for the matrix exponent

et A1 (u1,uz2) 0 0
eG(u1,u2)t — T(ul, u2) . 0 etA2(1L177_L2) 0 . T(uh uz)—l’
0 0 et/lg(ul,uz)

where A,, is an eigenvalue of G (uy,uz). Then the distribution is written as follows

et/ll(ul,uz) 0 0
F(uy,uz,t)E = R-T(uy,us)- 0 etz (u1,uz) 0 T(uy,uz) *-E.
0 0 etA3(u1,u2)

To restore the distribution, we use the inverse Fourier transform for discrete
values

1 g T ) )
P(my,ma,t) = W/ / et eT U2 BB (4, ug, t)e duydus.  (20)

The resulting formula characterizes the probability of servicing m; input
process requests and mso outgoing requests at the moment ¢ in the system under
consideration.

6 Numerical Examples

Let us compare simulation output with the calculations based on the obtained
asymptotic results. o affects accuracy, since the solution of the system was
obtained under the asymptotic condition of a long delay of requests in the orbit.

We measure the accuracy of the results with the Kolmogorov-Smirnov dis-
tance, which is calculated as

i

Y (Po(v) = Pi(v))

v=0

A= max

0<i<oo ’

where Py(v) and P;(v) are comparable probability distributions.
Let us set the following parameters

a=0.6,u; =2,y =151 =15,
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—-0.5 0.2 0.3 10 0
Q=015 -02005|,A=1({006 0
0.3 04 —-0.7 0 0 0.7

The input process intensity can be written in form r - A - e, after calculation of
which, we get the value 0.72. For the parameters set, we obtained the following
results.

Let us denote: Ag is the KS distance values for the summary distribution,
which implies, that served incoming and outgoing requests are homogeneous,
and Arp is the KS distance values for the two-dimensional distribution of served
requests, which are, in the two-dimensional case, of different types.

Table 1. KS distance values for various o

o 10 1 06 |04 |02 |01 |0.05 [0.01
As ]0.053/0.045]0.04 |0.036|0.028  0.023 | 0.018|0.016
Arp|0.0590.049 | 0.042 | 0.035 | 0.024 | 0.015 | 0.01 |0.003

In Table 1, we can notice that for lower values of o asymptotic results of
the two-dimensional distribution are more accurate. Let us raise system load by
setting up the new intensity matrix with greater values of diagonal elements

1.2 0 0
A=1009 0
0 015

For these parameters, the overall input process intensity is 1.07. Calculations for
the new set of parameters are

Table 2. KS distance values for various o with high system load

o 10 1 06 (04 (0.2 |01 |0.05 |0.01
As 10.037/0.029|0.024 | 0.02 |0.015|0.010.008 | 0.008
Arp | 0.066 | 0.048|0.039|0.031 | 0.019 | 0.01 | 0.006 | 0.002

Based on the performed experiments, we can conclude that a tendency
towards an accuracy increase of asymptotic results is always observed when
decreasing ¢. For a value of o exceeding the intensity of the input process, the
accuracy does not exceed 0.066 (the longest KS distance, which is observed in
the case of a two-dimensional probability distribution), which indicates a high
degree of accuracy of the obtained approximation. Raising system load with
input process requests, as can be seen in Table 2, has a positive effect on the
accuracy of the asymptotic results. It is because more events occur within a fixed
time interval during simulation.
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7 Conclusion

In this paper, we have described the process of finding the asymptotic approxi-
mation of the two-dimensional characteristic function of the number of incoming
and outgoing requests that have finished serving in retrial queue with two-way
communication under the condition of a long delay in the source of retrial calls.
This allows retrieving different performance characteristics, including the corre-
lation of the processes in the system output. Moreover, we used it to calculate
probability values for further experiments.

Carried out numerical experiments show that obtained approximation gives
high accuracy results, and for this reason, it can be used for further research of
this type of system.
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