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Abstract. In the paper, the infinite-server queueing system with a random ca-
pacity of customers is considered. In this system, the total capacity of customers
is analysed by means of the asymptotic analysis method with high-rate Markov
Modulated Poisson Process arrivals. It is obtained that the stationary proba-
bility distribution of the total customer capacity can be approximated by the
Gaussian distribution. Parameters of the approximation is also derived in the

paper.
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1. Introduction

In the design of messages processing and transmission systems, deter-
mining the memory capacity required for information storage is a relevant
open issue [1,2]. The total capacity is a random quantity and in queueing
theory it is given by the sum of the lengths of all messages, which are
waiting in the buffer or currently processed by servers.

Since in real systems customers are heterogeneous (for instance in com-
puter networks packet size may vary from a few tens of bytes to 1500 bytes
in case of Ethernet links), this paper focuses on the analysis of queueing
system (QS) with random customer capacity. The main classes of models
used for such models and their applications in real information systems
are given [1,2].

There are several works on the study of such systems with Poisson
arrival process and service time independent of the customer capacity. For
example, in [3] for systems with limited total capacity the generalization of
the Erlang problem is considered in stationary conditions. Moreover, in [4,
5], the stationary distribution of the customers number and the probability
of losses are obtained for systems with limited memory. Finally, in [9], the
authors consider systems with service time depended on the customers
capacity or with waiting time restrictions, an assumption very relevant for
real-time applications.

It is important to point out that most known results are obtained for
queueing systems and networks with Poisson arrivals. Unfortunately, it
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has been proved that the Poisson model is suitable only for few cases
of modern telecommunication streams [6] and, in general, the correlation
among arrivals must be taken into account. Therefore, many researches
use more complex models of arrivals, such as Markovian Arrival Processes
(MAPs) [7] or semi-Markov processes [8].

The main contribution of this paper consists in extending previous
works on random capacity customers to the case of correlated arrivals. In
more detail, the problem statement is formally defined in section 2 and in
section 3 the corresponding Kolmogorov differential equations are derived.
Then section 4 presents the results of the asymptotic analysis, focusing
on first and second order approximations. Finally, the main findings are
summarized in section 5.

2. Problem statement

In this paper, the MMPP/GI/oco QS with random capacity customers
is studied. The arrival process is a Markov Modulated Poisson Process
(MMPP), a widely-used special case of MAP [7]. The system has an
unlimited number of servers and service times on each server are i.i.d. with
distribution function B (z). All customers have a random capacity v > 0
with the probability distribution G (y) = P {v < y} and the customers
capacity are independent. Moreover, we assume that service time and
customers capacity are mutually independent. After the service, customers
leave the system and carry out the capacity.

Let us denote the number of customers in the system and the total
customers capacity at time ¢ by i (¢t) and V (t), respectively. We consider
two-dimensional stochastic process {4 (t),V (t)}, which is not Markovian.
Therefore, we propose the dynamic screening method for its investigation
[10].

For the screened process construction, we fix some point in time 7. We
assume that the customer arrived in the system at time ¢ < T creates a
point in the screened process with probability

S({t)=1-B(T -t

or does not create it with probability 1 — S (¢). We name the points
occurred in the screened process before ¢t as customers in the screened
process at time t.

Let us denote the customers number in the screened process at the
moment ¢ by n (). Then, if at the initial moment ¢, < T the system is
empty, we have the following equality at the moment T

P{i(T)=m}=P{n(T) =m}.

Note that this method exactly determines the characteristics of the
process V (t) since the screened process contains only customers which do
not finish the service at the moment 7'
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3. The system of Kolmogorov differential equations

Let us consider the three-dimensional Markovian process
{k(t),n(t),V (t)}, where k(t) identifies the state of the modulat-
ing Markov chain of the MMPP input process at time ¢ (1 < k (t) < K),
which ii& defined through the infinitesimal generator matrix Q and rate
matrix A:

Q1 q12 --- QK A0 ... 0
Q= q21  g22 ... QK A— 0 X ... O
dK1 4K2 --- 4KK 0 0 ... g

Denoting the probability distribution of this process by P (k,n,z,t) =
P{k(t)=k,n(t) =n,V (t) < z}, we can write the corresponding system
of Kolmogorov differential equations taking into account the formula of
total probability:

P(k,n,z,t+ At) =P (k,n,z,t) (1 — ) (1 — qrg) +

P(k,n,z,t) \iAt (1 — S (1)) +

z

)\kAtS(t)/P(km— L,z —y,t)dG (y) + (1)
0
Z Qe AtP (v, n, z,t) + o (At)
v#k

fork=1...K,n=0,1,2,..., 2> 0.
From (1), we obtain the system of Kolmogorov differential equations

z

= A5 () /P(k:,nfl,zfy,t)dG(y) +
0

OP (k,n, z,1)
ot
Z ql/kP (V7 n,z, t)

fork=1...K,n=0,1,2,..., 2> 0.
We introduce a partial characteristic function of the form:

H (k,uy,us,t) = M {exp (juin (t) + juaV (t))} =

oo
o0
Z efun / 122 P (kyn, z,t) dz
n=0

0
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fork=1...K,n=0,1,2,..., 2> 0.
Considering that

00 o0 z
Zejuln/ejuzz/P(k,nfl,zfy,t)dG(y)dZ:
0 0

n=0

e g (k,u1,uz,t) G* (u2),

where

G (1) = / UG (y) (2)
0

we can write the following system of equations:

H )
OH (kywunnt) _ \ g () H (k,yur, s, ) [ G (us) — 1]

ot
fork=1... K.
We write this system in the form of a matrix equation
OH (uy,uso,t .
% = H (u1,up,t) [AS (t) (/G (u2) —1) + Q] (3)

with the initial condition
H (u1,u9,tp) =r, (4)
where
H (uy,u2,t) = [H (1,uy,us,t), H(2,u1,us,t),..., H (K,uj,ug,t)],

and
r=[r(1),r(2),...,r(K)],

is the row vector of the stationary distribution of the modulating Markov
chain:
rQ =0,
{ ? 5)
re=1,

e being a column vector with all entries equal to 1.
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4. The asymptotic analysis method

The exact solution of the equation (3) is, in general, not available, but
it is possible to get asymptotic results in case of heavy loads. To this
aim we will use the asymptotic analysis method under the condition of an
infinitely growing arrival rate. Let us substitute A = NA! and Q = NQ*
into the equation (3), where N is some parameter which will be used for
the asymptotic analysis (N — oo in theoretical studies).

Then, the equation (3) takes the form

i@H (Ul, UQ,t)

N ot = H (uy, ug,t) [AIS (t) (ejulG* (u2) — 1) + Ql} (6)

with the initial condition

H(ul,u2,t0) =7Tr. (7)

4.1. The first-order asymptotic analysis

The main result is summarized by the following lemma.
Lemma. The first-order asymptotic characteristic function of the
probability distribution of the process {k(t),n(t),V (t)} has the form

t
H (uy,uz2,t) =rexp NA[jup +j’LL26L1]/S(T) dr p,
to

where the row vector r is defined by the system of linear equations (5), A

denotes the average rate
A=rAe

and aq is the mean of the random variable defining the customer capacity

a= [ 4G w).
0
Proof.
Let us perform the substitutions
1
€=t = Ewnup = ewz, H (u1,uz,t) = F1 (w1, w2, ,¢) (8)

in the expressions (5) and (6).
Then the problem (5) — (6) takes the form
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OFy (wy,wa,t,e)
¢ ot -
Fy (w1, ws, t,) [AYS (t) (/51 G* (cws) — 1) + QY] 9)

with the initial condition

Fy (wl,wg, t,E) =Tr.

Let us find the asymptotic solution (where ¢ — 0) of the problem
(8) — (9), i.e. the Fy (w1, wa,t) = li_r}%) F1 (w1, wa,t,¢).
€

Step 1. Letting € — 0 in (9), we obtain
Fl (w17w27t) Ql =0.

Comparing this equation with the first one in (5), we can conclude that
F1 (w1, ws,t) can be expressed as

Fl (whwg,t) = I'@l (wl,wg,t) y (10)
where ®; (w1, we,t) is some scalar function which satisfies the condition
(I)l (wl,’wg,to) =1.
Step 2. Let us multiply (9) by vector e, substitute (10), divide the
results by € and perform the asymptotic transition € — 0. Then, taking
into account that Q'e = 0 and re = 1, we obtain the following differential

equation for the function ®; (w1, ws,t)

6@1 (wl, wa, t)

ot = @1 (wl,wg,t) [)\S (t) (]wl +j’LU26ll)] . (11)

The solution of (11) with the initial condition gives

t
1 (w1, w2, t) = exp ¢ A (jw; +jw2a1)/5(7') dr

to

Substituting this expression into (10), we obtain

t
F1 (w1, ws,t) = rexp q A (jwi + jwaay) /S(T) dr
to
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Using substitutions (8), we can write the asymptotic (as ¢ — 0) equal-
ity:

H (u1,uz,t) = F1 (w1, w2, t,e) ® F1 (w1, w2, t) = r®y (wi,ws,t) =

t
=Trexp A[j%‘i’j%al}/S(T)dT =
to

¢
rexp ¢ N [jur + jusai] /S (r)dr
to

The proof is complete.
Corollary. When t = T we obtain the characteristic function of the
process {i (t),V (t)} in the steady state regime

H (uq,us,t) = exp {NAb; [ju1 + jusai]},

e T T e}
by = /S(T)dT:/(1—B(T—T))dT:/(1—B(T))dT
e A 0

denotes the mean service time.

4.2. The second-order asymptotic analysis

The main result is summarized by the following theorem.
Theorem. The second-order asymptotic characteristic function of the
probability distribution of the process {k(t),n (t),V (t)} has the form

t
H (u1,u2,t) = rexp NA(jup —l—qual)/S(T) dr+

to
t t
(ju1)2 2
5 NX [ S(r)dr+ Nk [ S*(r)dr | +
to to
t t
(jus)?

N)\QQ/S(T)dTJana%/SQ(T)dT +

to to

2
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t t
R N)\al/S(T)dT—I—N/ml/SQ (r)dr ,

to to

where
K =2g (Al - )\I) e,

and the row vector g satisfies the linear matriz system
gQl=r (/\I — Al) ,

ge = 1.

Proof.
Denote by Ha (u1,us,t) a multi-dimensional function that satisfies the
equation

t
H (uy,us,t) = Ha (ug,us, t) exp ¢ NA (Jug +ju2a1)/S(T) dr . (12)

to

Substituting this expression into (6) and (7), we obtain the following
problem:

i 8H2 (ul, Ug, t)
N ot

= H2 (ul,ug,t) [Als (t) (e‘julG* (u2) - 1) + Ql] ’

with the initial condition

+ A (Jur + jugar) S (t) Ha (uy,ug,t) = (13)

H2 (ul, Uug, to) =Tr. (14)
Let us perform the following substitutions

1
e’ = ot = Ewn,up = cwz, Ha (u1,u2,t) = Fa (w1, we,t,¢). (15)

Using these notations the problem (13) — (14) can be rewritten in the form

2 8F2 (wla w2, ta 6)
)
ot

=F, (wl,wz,t,e) [AIS (t) (ejsle* (6102) - 1) + Ql] )

with the initial condition

+ Fo (wl,wg,t,a))\(jewl —|—j€’LU2a1)S(t) = (16)

F2 (w17 wQathg) =Tr. (17)
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Let us find the asymptotic solution (as € — 0) of this problem, i.e. the
function Fa (w1, ws,t) = lirr%) Fa (w1, ws,t, ).
E—

Step 1. Letting € — 0 in (16) — (17), we obtain the following system of
equations:

{ Fa (w17w27t) Ql =0,

Fy (wi,ws,tp) =r,

Then, using (4), we can write
Fa (w1, ws,t) = r®s (w1, wo, ), (18)
where @4 (w1, we,t) is some scalar function which satisfies the condition
Dy (w1, wa,to) = 1.

Step 2. Using (18), the function Fa (wq,ws,t) can be represented in
the expansion form
F (wl,wQ,t,e) =

Dy (wy,wa, t) [r + g (Jewy + jewsay) S (¢)] + O (52) , (19)

where g is some row vector which satisfying the condition ge = 1 and

(@) (52) is row vector whose elements are infinitesimals of the same order

as €2.

Let us use the substitution (19) and the Taylor-Maclaurin expansions
eI =1+ jewr + O (%) ,7°2 = 1 4 jews + O (%)

in (16). Considering the (2), we perform in the obtained equality of the
limiting transition € — 0, we obtain matrix equation for the vector g

gQ! = r()\IfAl),

where I is diagonal unit matrix.
Step 8. We multiply the (16) by the e, using (19) and the second-order
expansions

‘ 2
; ew
e’ =14 jews + Yew)® 21) +0 (%),

. 2
. sw
eI =1+ jews + L 22) + O (52) .

As a result of simple transformations with the notation

k=2g (A" = ))e,
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we obtain the following differential equation for the function ®5 (w1, ws,t)

0Ds (w1, wz, 1) _ (jw1)’
T = (I)Q (U)l,’wg,t) { B ()\S (t) + I€S2 (t)) +

2

U “;) (AazS () + £a2S2 () + jPwiws (AarS (£) + ray S (t)) } :
where az = [ y?dG (y) is the second moment of the random customer
0
capacity v.

The solution of the latter equation with the available initial condition
Dy (wy,wa, tg) = 1 gives the expression g (w1, we,t)

.2 t ¢
D5 (w1, ws, t) = exp @ )\/S(T)dT+K/S2(T)dT +
to to

o t t
(‘71;2) Aaa / S(r)dr + ﬁa? / 52 (r)dr | +
to t(J

t t
G2wiws | Aaq /S(T) dr + kay /52 (r)dr )
to tO

and substituting in (18) we obtain

. 2 t t
F2 (wy,wo,t) = rexp @ )\/S(T)dT—FR/SQ(T)dT n
to to
. 2 t t
UMTQ) A“2/5(7) dTJer/SQ (r)dr | + (20)
to to

¢ ¢
GPwiwy | Aay /S (1) dr + Kkay /52 (r)dr
to tO

Performing in (20) the substitutions inverse to (15) and (12), we obtain
the following expression for the asymptotic characteristic function of the
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number of customers of screened process and total capacity of customers
at the moment ¢:

t
H (u1,u9,t) =rexp NA(jup Jrqual)/S(T) dr+

to

t
N)\/S dT-i—NIi/SQ Ydr | +
to

t
N/\aQ/S dT-i—Nlial/SQ Ydr | +

t t
2urus | Nag /S(T) dr + Nkaq /52 (r)dr ,
to to

where
m:2g(Alf)\I)e

and the row vector g satisfies the linear matrix system

gQ! = r()\I—Al),
ge=1.

The proof is complete.
Corollary 1. When t =T we obtain the characteristic function of the
process i (t),V (t) in the steady state regime

H (u1,u2,t) = exp {N)\ (jui + jugay) by + (ﬂ;l) (NXby + Nkby) +

(juz)?
2

(NXasb + Naikbs) + j2uius (NAarby + Nmnbz)} ; (21)

= /T S%(r)dr

where
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From the form of function (21) it is clear that the two-dimensional pro-
cess i (t),V (t) is asymptotically Gaussian with the vector of mathematical
expectations

a = [N/\bl, N/\albﬂ

and the covariance matrix

A [ o? 1010, 1 _ [ NXby + Nikby  Naby + Nrarhs 1

0109 O'% NXai1by + Nkaiby NAasby + me%bz

Corollary 2. The asymptotic characteristic function of the total cus-
tomer capacity in the steady-state regime is given by a Gaussian charac-
teristic function

N2
H (u,t) = exp {juN)\albl + M (N)\agbl + Na%nbz)} ,

with parameters a = NXa1b1 and 02 = Nagb + Na%nbz.

5. Conclusions

In the paper, a queueing system with random customers capacity and
service time independent of its capacity is considered in case of correlated
arrivals, described by an MMPP process. For such system, the total cus-
tomers capacity is derived by using the asymptotic analysis method in case
of heavy loads. It is obtained that the stationary probability distribution
of total capacity can be approximated by a Gaussian distribution and the
parameters of the approximation are derived in the paper.
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