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ABSTRACT. In many papers devoted to telecommunication systems, multi-
service queueing models with heterogeneous customer arrivals are given. As
a rule, there is streaming traffic, corresponding to the audio and video con-
ference, and elastic traffic, corresponding to the data and file transmission.
Different types of traffic require different quality of service, therefore the
multi-service systems are also differentiated service systems. Such papers are
aimed at developing a framework for estimating the quality of service indica-
tors in new generation multi-service networks. This paper considers a multi-
service resource queueing system with three Poisson arrivals, one of which is
splitting. The equation for the probabilities distribution of the total resource
amounts on the system blocks is compiling by the dynamic screening method,
and using the characteristic function of the stationary distribution, the solu-
tion is obtaining. The numerical characteristics of the system performance
are obtained by the method of moments using characteristic function. A nu-
merical example shows that arrivals intensity growing increases optimal total
resource amounts on system blocks in the system with limited resources, and
the splitting arrivals affect the correlation between total resource amounts.

1. Introduction

Modern multi-service networks are packet-based networks in which packet stre-
ams are generated by conventional Internet applications (i.e., services offered on
the network). Such networks are subjected to the settings network traffic through
various mechanisms such as dynamic resource reservation, call forwarding, pri-
orities for selected call and service classes, etc. To implement the described
mechanisms, the researcher needs to have an analytical framework that will al-
low calculating the main probabilistic and numerical characteristics of the system
performance.

The study of combined models in queueing theory originates from the works of
Cohen [3, 4, 5], which devoted to the problem of repeated calls in long-distance
telephone systems. In modern scientific papers, the interest in the study of multi-
service networks is observed again. In paper [10], a multi-service model of a
queueing system with elastic and adaptive traffic presented and discussed. The
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presented model allows determining the characteristics of a multi-service queueing
system, such as drop probability or the average queueing length. The model can be
used for the analysis of modern network systems based on TCP /IP protocols, par-
ticularly the Internet. The papers [8, 9] present a multi-service resource queueing
systems (RQSs) with state-dependent resource allocation for each call type. The
proposed model allows estimating the averaged parameters of RQS for individual
customer types that are arriving in the system.

The paper [2] considers a managed RQS and finds an optimal resource man-
agement problem in the context of a splitting multi-service cellular network. The
papers [14, 15, 18] discuss models of multi-server RQSs with losses caused by a
lack of resources required to service. During the service, each customer takes a
random resource amount of several types. The random vectors describing resource
requirements do not depend on the arrivals and service time. As with the Erlang
problem, the task of calculates the drop probability of an arrival customer due to
a resource lack was considered.

An approach to the study of multi-service heterogeneous RQS is also presented
in papers [1, 16, 17]. The authors consider several variations of the RQS and
propose to study them using dynamic screening and asymptotic analysis methods.

We have a similar task to obtain the main numerical characteristics of system
performance. We consider a two-block RQS with three Poisson arrivals, one of
which is with splitting. This paper is organized as follows. In Section 2, we describe
in detail the mathematical model of the system. In Sections 3 and 4, we describe
and apply the dynamic screening method to compose the Kolmogorov equations,
then, in 5 and 6, we turn to the equation for the characteristic functions, find the
solution and write it for a stationary distribution. In Section 7, using the method
of moments, we obtain the main numerical characteristics, and in Section 8, we
give a numerical example.

2. Mathematical Model

Consider the two-block RQS with an unlimited number of servers and resources
shown in Fig. 1. Customers arrive in the system according to three Poisson pro-
cesses with constant intensities Ay, Ao and A. The arrivals from \; process go to
the i-th service block, i = 1,2, and the arrivals from A process are split and go to
both service blocks.

The service times on the i-th block are the random variables &; with distribution
function B;(x) = P{& < z}, i = 1,2, and also taking random resources amount
v; with distribution function G,(y) = P{v; < y}, ¢ = 1,2. Upon completion of
service, each customer leaves the system, frees the server, and all used resources.
The occupied resources amount and the service time are independent of each other.

The goal of this paper is to obtain the numerical characteristics of the total
volumes of occupied resources in the system blocks. We study the system using
the dynamic screening method, originally proposed in papers [12, 11], and method
of moments [6].
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A

A(®) Vi(t)

FiGURE 1. Mathematical model

3. Dynamic Screening Method

Let us denote the total amount of occupied resource on the first and second
block at time ¢ by Vi (¢) and Va(t), respectively. The goal is to find the station-
ary probability distribution of the two-dimensional random process {V;(t), Va(t)}.
However, this process is non-Markovian, therefore, we will use the dynamic screen-
ing method for its investigation.

Let the system be empty at moment ¢y, and let us fix a certain time moment
T > to. The axis 0 shows all arrivals of customers (see Fig. 2). We generate
the points of the screened processes (axes 1 and 2) from the moments of arrivals.
Consider the probability that a customer arriving at time ¢ will not finish its
service until the moment T'. Let us denote the probability of screened arrivals on
axis ¢ as S;(t) = 1 — B;(T —t), (i = 1,2) and on both axes as S1(t) - S2(t) =
(1=By(T =) - (1= Bo(T —1)).

Sy So(t) -~
0 O

C ' \(
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1 © ©
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FIGURE 2. Screening of arrived of customers
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Let us denote the total resource amounts occupied by screened arrivals in the
interval [to,t) by Wi(t) and Ws(t) on the first and second axes, respectively.
At the time moment ¢ = T, the probability distributions of random variables
{Vi(¢), Va(t)} and {W1(¢), Wa(t)} coincide [13]:

P{Vi(T) <y1,Va(T) < yo} = P{W1i(T) < y1, Wa(T) < y2},

3.1
y1 > 0,92 > 0. (3:-1)

4. Integro-Differential Equation

We denote the cumulative distribution function (CDF) of the 2-dimensional
process {Wl(t),WQ(t)} by P(wl,wg,t), i.e. P{Wl(t) < wl,Wg(t) < U/Q} =
P(wy,ws,t). Then for this distribution we can write the following equality

P(wr,wa, t + At) = P(wy, we, t)(1 — AAE) (1 — A AL) (1 — M At)+
)\AtP(wl, wg,t)(l — Sl(t))(l — Sg(t))+
AlAtP(wl, ’wg,t)(l - Sl(t)) + /\gAtP(wl,w2,t)(1 - Sg(t))+

MAE [ S1(H)(1 — Sa(t)) /P(w1 —y1,we,t)dG1(y1)+
0

w2

(1 - 5,(£))Sa(t) / Plw, ws — ya, £)dGa(yz) +

Sl(t)sz(t)//P(wl — Y1, w2 — Y2, 1)dG1(y1)dGa(y2) | +
00

M ALS) () /P(w1 — Y1, w2, t)dG1 (y1)+
0
)\gAtSQ(t)/P(wl,WQ — Y2, 1)dGa(y2) + o(At),  wi,wz > 0.
0

We divide obtained equality by At and use limit condition At — 0, we have
the Kolmogorov integro-differential equation in the form

W = P(wy,wa,t) [=A1 — A2 — A+ (1 = S1(t))(1 — S2(t))+
Ar(1 = S1(t) + A2 (1 = Sa(t))] + A [ S1(t)(1 — Sa(t)) /p(w1 — oy, wa, )dG (1) +
0
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w2

(1 - 5,(£)Sa(t) / Plw, w5 — ya, £)dGa(ya) +

S1(£)S5 (1) / / Plwy — yu, ws — yo, £)dG1(y1)dGa(ys) | + )
00 '
M, (1) / Plwns — g1, ws, £)dGi (1) + AoSa(t) / Plwy, ws — yo, £)dGa(y),
0 0

wy, Wg > 07
with the initial condition

N 1, w1 = Wy = 07
Pwy, wa, to) = { 0, otherwise.

5. Characteristic Function

We introduce the characteristic function h(uy, ug, t) for the distribution P (w1, ws,t)
in the form

h(uy, uz, t) ://ejulwlej“QwQP(dwhdw27t), ji=v-1L
0 0

Then, we rewrite the Equation (4.1) for the characteristic function h(u,uz,t)

IR 12T) s, ) 840+ M) ) — 1) -
Sa(t)(A 4 A2) (G5 (uz) — 1) 4+ A1 (£)S2(8) (G (ur) — 1)(G5(uz) — )],
where we introduced the notation
Gi(w) = [ & 0dGily),
0
with the initial condition
h(uz, ug,to) = 1. (5.2)

The Equation (5.1) is the separable differential equation, therefore, we rewrite
as

dh(ul, Uz, t)

Hlur, s ) = [S1(t) (A + A1) (GT(ur) = 1) + Sa(t) (A + A2)(G3(uz) — 1)+
uy, Uz, t)

ASL(8)S2(1) (G5 (wr) — 1)(Gi(us) — D] dt,
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and the solution to this equation takes the form

t

h(uy,uzg,t) = Cexp{/ [51(7')0\ + A1) (Gy(ug) — 1)+

Sa(T)(A + A2) (G (ug) — 1) + AS1(7)S2(7)(G (ul)—l)(Gz(w)—l)}d }

Taking into account the Equation (5.2), we can conclude that C' =1 and

t

O+ A) (G () — 1) / Sy (F)dr+

to

h(u1,ug,t) = exp {

(0 20)(G(u2) — 1) /52(T)d7+
A(GT(u1) — 1)(G5(u2) — 1)/51(7)52(T)dT] } :

6. Steady-State Regime

Further, we obtain the characteristic function of the 2D process {Vi(t), Va(t)}
in the steady-state regime. To this aim, we put t) — —oo,t = T and use the main
formula of the dynamic screening method (3.1). Thus, we obtain

T
h(ul,ug,T) = exp {()\ + )\1)(G*{(u1) — 1) /(1 — Bl(T — T))d7'+
(A A0) (G (uz) — 1) / (1= By(T — ))dr+ (6.1)
., —o0
(G (1) — 1)(G3(u) — 1) / (1- By(T —7))(1 - Bo(T — ﬂ)m} |

We consider the integrals that are in the exponent of (6.1)

T 0o
/(1—3- —7) / (w))dw 2 b, i=1,2,
—o00 0

T 0o
/(1—31(T ))(1 — Bo(T / 1 — By (w))(1 — Ba(w))dw £ by,
o 0
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therefore, we get the characteristic function h(uy,us) in the form

h(uy,uz) = exp {(A + A1)(G](w1) — Dbr+
A+ A2)(G3(uz) — 1)b2 + MG (wr) — 1)(G5(uz) — 112}

7. Method of Moments

At the next step, we find the numerical characteristics by the method of mo-
ments. According to the method of moments, we know that the means mﬁ” of
processes V;(t) for i = 1,2 can be calculate as

7 . 8}1(“17”2)

u1=uo=0
Primarily, we consider the following derivatives

Oh(u1,us2)

s = exp {()\ + M) (GT(ur) — )by + (A + X2) (G5 (u2) — 1)ba+

A () — 1)(G(uz) 1>b12} - [(A )G ()bt

AGS () (G ) — 1)b12}

and similarly

8h(u1, ’LLQ)

Juy P {(A + A)(G1(u1) = 1)br + (A + A2) (G5 (u2) — 1)ba+

MG (un) — 1)(C(un) — 1>bu} - [(A T A)G5 (un)bo

MG () — 1>G§’<u2>bu} 7

we note, that

G;k (uz) u; =0 = eJuLyLdG’L(yZ) = 17
0 u7¢:O
o0
Gy (w) 0 /jyiej“iyidGi(yi) =
' 0 ui:0
j/yidGi(yi) = ja{",
0
where

/yidGz‘(yi) 2 4",

0
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Therefore, we obtain that

mgn o —j 8h(U1,UQ)

o = i+ ADbjal) = (A + A)bal?,

u1:u2:0
and
. Oh(uq, . .
m{? = - i(;“ u2) = —j- A+ M)bojal? = (A + Ao)braf?.
U2 U1=TL2=O
Secondly, we know that the second initial moments can be calculated as
i 82}1(’&17 Ug)
mg) = — au2 ’
7 w1 =u2=0
therefore, we consider the following derivatives
th Uy, W * *
# = exp {(/\ +A)(G (1) = Dby + (A + A2) (G5 (us) — 1)ba+
1

AGi() = 1(G3lur) ~ Ve - (1 )G ()i
AGE (uy) (G5 (ug) — 1)b12} 2 + exp {(/\ + A)(GF(ug) — 1)by+
(V+ 2a)(Giz) = Db+ A(Gi (1) = DGl ~ i |-
3+ AGE ()b + A6 (1) G3) — D]

and symmetrically for

0%h(u1,u
#. Here, we note that
Ouj

Gys) 27V dGi(ys)| = — / y2dGy(y;) = —ay’,
’uiZO 0

Gy () =

where
oo

/Z/?dGi(yi) 2 af.
0
Thus, we write
2
1 0°h(u1,us)
e A

2
- [()\ + Al)blaﬂ + (A + A)bral!

u1:u2:O
and
_ 82h(u1, UQ)

(2) _
M2 = Ou’

2
_ [(A i Az)bzaﬂ (A + A2)baa®.

w1 =uo=0
. N 2
Then, the variations can be calculated as o7 = mg) — (mgl)) , and we obtain

o2 = A+ A)alb, 02 = (A+ A)alP b,
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Finally, consider the mixed derivative to obtain the covariance

32h(u1, UQ)

durduy ¥ {“ + A1) (G5 (1) = Dby + (A + A2) (G5 (u2) = bat

(\+ 2a)(Giz) = -+ A(Gi 1) = DGl ~ i |-
{ [()\ + A2)G3 (u2)ba + MG (un) — 1)G§/(u2)b12} :
[+ AGE ()b + A(G(ua) ~ DG (w)ina] +

AGY <u1>G;’<u2>bu},

then,

82 h(u1 s UQ)
aulc’?ug

K12 = — — mgl)m?) = )\agl)a?)blg.

U1=uz =0

Therefore, the correlation has the form:

Ko AalPalPbyy
’]“12 = = =

7102 S a)as b - (A4 A)aPb,

A agl) . a§2) b12
VO+A) (A + X9) \/agn o Vb1 - by

8. Numerical Example

8.1. About total resource amounts. Let us consider a numerical example. Let
the intensities A\ = 2, Ao = 5, A € [0;50]; B1(z), B2(x) are Gamma CDFs with
parameters oy = 2, 51 = 5 and ag = 3, Sz = 5, respectively; and G (y), G2(y) are
Poisson CDFs with parameters pu; = 4, us = 2, respectively.

Then, we have m{"” = 40(2 + ) and m{®? = 30(5 + A), 02 = 200(2 + \) and
03 =90(5+ \).

Using the Three Sigma Rule [7] and the obtained functions of A, we can find
the optimal required resource amount on the system blocks for the system with
the limited resource by the formula

RY), = m{" + 30, (8.1)

Let us show the means required resource amount and their optimal values
from (8.1) for both system blocks graphically in the figure 3, as a function of
the parameter A € [0;50]. It is clear, that with an increase in the arrival intensity,
the means of the total occupied resource amounts increases.
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FIGURE 3. Means and optimal values

8.2. About correlation. Obviously, the correlation value is influenced by the
parameters of service times, arrival processes and required resource amounts. The
following is an effects analysis.

The expression

a§1) . af) agn . a(12)

\/agl) -a§2) ) \/<J% + (ail))2> : (03 + (a:(lQ))?) 7

is obviously taking the largest value at zero variance, i.e. for a deterministic
variable.

Figure 4 (pink line) shows the change in the correlation by the intensity A €
[0; 50]. Obviously, when A = 0, the system is a set of independently functioning
blocks and therefore 15 = 0. As the intensity increases A > A1, A2, the correlation
increases and takes the greatest value

12 = agl)'a?) bio
1 2) Vb1 - b
\/ag ). Vb1 b

and depends on the service parameters.

Let us consider the change in the correlation values by the service intensity.
For clarity, we consider the example of exponential service with the parameters
w1, p2. Then

A
1 2 —
Py = ag : -ag ) M1+ po oYk
\/ag) - \/()\ + A1) A+ A2) A>xxe 1+ e
M1 H2
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We denote py = yu1, where v is an arbitrary non-negative number, then corre-

lation has the form
o VW o VA

p(l+y)  (1+7)

Let the resource parameters and arrival intensities be the same, the service times
has an exponential distribution with the parameters p; = 2 and ps = 2y and the
intensity A = 500. Figure 4 (blue line) shows that the greatest dependence of the
processes is achieved when v = 1, i.e. with the same parameters of the service time,
the correlation coefficient, in this case, is 0.36. It is obvious, that with an increase
in the difference between the service times, the dependence of the processes in
blocks decreases.

T2 =

by intensity A —— by intensity y

05— ]

Correlation

0.2 .

0.1

Ay

F1cURE 4. Change in correlation with arrival intensity A and ser-
vice intensity -y

9. Conclusion

The paper considers a multi-service resource queueing system with three Poisson
arrivals, one of which is splitting. The equation for the probabilities distribution
of the total resource amounts on the system blocks is compiled by the dynamic
screening method. Using the equation the characteristic function of the stationary
distribution was obtained. The numerical characteristics of the system perfor-
mance were obtained by the method of moments from characteristic function. A
numerical example is presented, it shows that arrivals growing leads to increasing
the optimal total resource amounts on system blocks in the system with limited
resources, and the splitting arrivals affect the correlation between total resource
amounts.
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