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Abstract. In the paper we consider a GI/GI/oo queuing system with
n types of customers under the assumptions that customers arrive at
the queue according to a renewal process and occupy random resource
amounts, which are independent of their service times. Since, in gen-
eral, the analytical solution of the corresponding Kolmogorov differential
equations is not available, we focus on the amount of resources occupied
by each class of customers under the assumption of infinitely growing
arrival rate, and derive its first and second-order asymptotic approxima-
tions. In more detail, we show that the n-dimensional probability dis-
tribution of the total resource amount is asymptotically n-dimensional
Gaussian, and we verify the accuracy of the asymptotics (in terms of
Kolmogorov distance) by means of discrete event simulation.
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1 Introduction

Modern computer networks are characterized by the integration of heterogeneous
services (phone calls, text messages, media content, cloud computing) over the
same physical infrastructure. The traffic flows generated by the different appli-
cations have specific statistical features (in terms of packet size, bit-rate and
service requirements) and hence is of primary importance the analysis of queue-
ing systems with several classes of customers [3,4,8,9,15]. Moreover, due to the
heterogeneity of services provided by communication networks [6,10-14,16], the
features of the required resources should be taken into account.

In traditional multiclass queuing systems the service process is typically char-
acterized in terms of service time distribution. In this paper we assume that cus-
tomers have different random capacity requirements (depending on their class),
so that the proposed model can be useful for analysis and design issues in high-
performance computer and communication systems, in which service time and
customer volume are independent quantities (see [7] and references therein).
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In more detail, the application of the dynamic screening method permit us to
analyse heterogeneous resource queuing system with unlimited servers number,
non-exponential service time and renewal arriving process are investigated.

The remainder of this paper is structured as follows. Section2 introduces
the mathematical model and the application of the dynamic screening method
to the considered multiclass queueing system, while in Sect. 3 the corresponding
Kolmogorov equations are presented. Section 4 highlights our main contribution,
the derivation of first and second order asymptotics under heavy load conditions
(i.e., when the mean interarrival time tends to 0), and their applicability is
verified in Sect. 5 by means of discrete event simulation. Finally, Sect. 6 ends the
paper with some final remarks.

2 Mathematical Model

Consider a queuing system with an infinite number of servers and n types
of customers, characterized by different service times and queuing resource
requirements. Arrivals are described by a renewal process with interarrival time
distribution A (z) and for each of them class ¢ is selected with probability
n
pi(i=1,...,n), where > p; = 1. Each arriving customer instantly occupies
i=1
the first free server, with service time distribution B; (7) and required resource
distribution G; (y), both depending on the type ¢ of the customer. At the end of
the service, the customer leaves the system. Resource amount and service times
are mutually independent, and do not depend on the epochs of customer arrivals.
Denote by V; () (i =1,...,n) the total resource amount occupied by each
type of customers at the moment ¢. The aim of this work is to determine the
probabilistic characterization of the n-dimensional process {V(¢)}. This process
is, in general, non Markovian, but it can be investigated by means of the dynamic
screening method.
In Fig. 1, n+ 1 time axes, labeled from 0 to n, are shown: axis 0 indicates the
epochs of customers arrivals, while the remaining axes ¢« = 1,...,n correspond
to the different types of customers.
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Fig. 1. Dynamic screening of the arrival process



Multiclass GI/GI/oo Queueing Systems 131

We define a set of n functions (dynamic probabilities) S; (¢), that satisfy the
conditions

0<Si() <1, > Si(t)<1,

=1

and assume that a customer, arrived in the system at time %, is screened to axis
¢ with probability S; (t), and is not screened anywhere with probability

So(t)zl—i:Si(t).

Let the system be empty at time tg, and let us choose some arbitrary time
T with T > to. Hence, the probability S; (¢) that a i-type customer, arrived at
time t with ¢ty <t < T, will be serviced by time T, is given by

Si(t)=1—By(T —t),(i=1,...,n).

Denote by W;(t) the total resource amount screened on axis i. Then, the
extended process {V (t)} satisfies the following property:

P{V(T) <x}=P{W(T) < x} (1)

for all x = {z1,...,2,}, where the inequalities V (T') < x and W (T) < x
mean that Vi (T) < x1,...,Vo (T) < zp and W1 (T) < x1,..., W, (T) < xn,
respectively. Equality (1) permits us to investigate the process {V (¢)} via the
analysis of the process {W (t)}.

3 Kolmogorov Differential Equations

Let z(t) be the residual time from ¢ to the next arrival (in the renewal input
process) and let us denote by

P(z,w,t) =P{z(t) <z, W(t) < w}

the probability distribution of the m 4 1-dimensional Markovian process
{=), W ()}
By the law of total probability, we get the following system of Kolmogorov
differential equations:
OP(z,w,t) OP(z,w,t) OP(0,w,t)

ot - 0z + 0z (A(z) = 1)

" “”aP 0,w—y;t OP (0,w,t
+A(2) S pisi (1) / OPOW =¥ l) i, () - PO WD) |
i=1 4

0z 0z
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where w = {wq,...,wp},y; = {0,...,y,...,0}, 2> 0, w; >0 (i=1,...,n),
with the initial condition

P(wito) = {

where R (z) represents the stationary probability distribution of the values of
the random process z ().
By introducing the partial characteristic function:

R(Z)v w =0,
0, otherwise,

o0 oo

h(z,v,t)= /ej”””l .../ej”"“’”P(z,dw,t) z>0,w; >0,
0 0

where j = v/—1 denotes the imaginary unit, we obtain the following equations:

Oh(z,v,t)  Oh(z,v,1)

ot o 0z
Oh (0,v,t)
SR AL —1 —1
+ o AR -1+ A Zpl i (i) =1, (2)
where
G () = [ G ).
0
with the initial condition
h(Z,V,to) :R(Z) (3)

4 Asymptotic Analysis

In general, Eq. (2) cannot be solved analytically, but it is possible to find approx-
imate solutions under suitable asymptotic conditions; in this paper we focus on
the case of infinitely growing arrival rate.

To this aim, let us write the distribution function of the interarrival times
as A(Nz), where N is some parameter that tends to infinity in the asymptotic
analysis [1,2].

Then, Eq. (2) becomes

1 0h(z,v,t) _ Oh(z,v,t)
N ot - 0z

n Oh (0,v,t)
0z

with the initial condition (3).

We solve the problem (4)—(3) under the asymptotic condition N — oo, and
obtain approximate solutions with different levels of accuracy, denoted in the
following as “first-order asymptotic” h (z,v,t) ~ R (z,v,t) and “second-order
asymptotic” h(z,v,t) = h?) (z,v,1).

A(z) =1+ A(z sz ) (GF (v;) = 1), (4)
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4.1 The First-Order Asymptotic Analysis

As a preliminary result, in this section we present the first-order asymptotic as
the following lemma.

Lemma. The first-order asymptotic characteristic function of the process
{z(t), W(t)} is given by
n t
Y (z,v,t) = R(z)exp N)\Zjviagi)pi / S (r)dr ¢,

i=1 i

oo -1

where \ = (f (1—-A(x)) dx) and a\?) = [ ydG;(y) is the mean amount of
0 0
resources required by i-type customers.

Proof. By introducing the following notations

1
6:N7V:5yah(zvv7t):fl(zayat7€)7 (5)

in expressions (4) and (3), we get

8fl (Z y7t E) _ afl (zaYataE)

ot o 0z
6f1 (07Y7t75) *
+ 9z A( -1+ A sz [ G €yz) 1) (6)
with the initial condition
fl (Zvyvt()?E) :R(Z) (7)

The asymptotic solution of the problem (6)—(7), i.e. the function f; (z,y,t) =
lir% f1(z,y,t€), can be obtained in two steps.
E—

Step 1. Let € — 0; then Eq. (6) becomes:

8f1 (Z7y7t) afl (07y7t) _
Sl S (A () - 1) =o.

and hence fi(z,y,t) can be expressed as

f1(2’,y,t):R(Z)@1(y,t), (8)

where @1 (y,t) is some scalar function, satisfying the condition @, (y,to) = 1.
Step 2. Now let z — oo in (6):

é_afl(oovy’tve) 8f10y’t5 Z S G* Eyl)*l)

ot
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Then, we substitute here the expression (8), take advantage of the Taylor
expansion

e9% =14 jes + O(?), (9)

divide by e and perform the limit as e — 0. Since R’ (0) = A, we get the following
differential equation:

091 (y,
1a(y ‘) = &1 (y, 1) AZPZ i () jyial” (10)

where agi) = [ydG;(y)
0
Taking into account the initial condition, the solution of (10) is

t

Py (y,t) = exp Aijiagi)pi/Si (r)dr

i=1 to

By substituting @; (y,t) from (8), we obtain

t

f1(z,y,t) = R(2)exp Aijiagi)pi/Si (r)dr

i=1 i

Therefore, we can write
h(z,v,t) = fi(zy,t,e) = f1(2,y,1) = R(2) D1 (y,t) =

n n X t
R (2)exp {)\ > jyzal p2 f Si ( } = R(2)exp {N/\ > jviagl)pi J S (1) dT} .
i=1 to

1=1

The proof is complete.

4.2 The Second-Order Asymptotic Analysis

Now we are able to formulate the main contribution of this work, which is sum-
marized by the following theorem.

Theorem. The second-order asymptotic characteristic function of the process
{z(t), W(t)} is given by
t

h? (z,0,t) = R(z)exp { NA Zjviagi)pi / S; (1) dr

i=1 to

t
n . 2 .
+N/\ZL1;) ag)pi/Si (r)dr
i=1

to
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Z Z jvialpijumal pm/S 7 (11)
i=1 m=1
where aéi) = f y2dG;(y) and k = \3 (02 - az), a and o being the mean and the

0
variance of the interarrival time, respectively.

Proof. Let hs (z,v,t) be a solution of the following equation

h(z,v,t) = ha (2,v,t) exp N)\Zﬂfzal pz/S (12)

i=1

Substituting this expression into (3) and (4), we get the following equivalent
problem:
1 Ohg (%,v,1)

v o + Ahg (z,v,t Zyvlal p:Si () =

=1

Ohs (2,v,t) n Ohs (0,v, 1)

A( -1 + A sz 7 G* vl) - 1)] (13)

0z 0z
with the initial condition
ho (z,v,tg) = R(2). (14)
By performing the following changes of variable
1
52:NVV:€y3h2(27V7t):f2(zﬂy7t’€)’ (15)

n (13) and (14), we get the following problem:

8f2 (27}’71575) - . (i) af? (Z7yat75)
272\ I =) § ) g, _ eI
6t + f2 (Z7 Yy, t7 5) A P JEYiGq pzsz (t) 8z
an (Oa)’atvE) . *
+ 3 A(z) =14 A(2) ;:1 p:Si (t) (G (ey;) — 1) |, (16)
with the initial condition
f2 (27}’»750,5):}%(2)- (17)

As a generalization of the approach used in the previous subsection, the
asymptotic solution of this problem

f2 (Z,y,t) = g:r%fQ (ZaY7ta€)

can be derived in three steps.
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Step 1. Letting € — 0 in (16), we get the following equation:

an (Za Yy, t) an (07 y7t) _
Sh SR (A - 1) =0

Hence, we can express fa (z,y,t) as

f2(27y7t):R(Z)¢2(y7t)ﬂ (18)

where @ (y, t) is some scalar function that satisfies the condition @5 (y,t9) = 1.
Step 2. The solution fs (z,y,t) can be represented in the expansion form

fo(z.3,8) = B2 (y,1) | R(2) + £ (2) ) Jewia " piSi ()| +O (7). (19)
i=1

where f (z) is a suitable function. By substituting the previous expression and
the Taylor-Maclaurin expansion (9) in (16), taking into account that R’ (z) =

A(1— A(z)), it is easy to verify that

K
70 =\ (00) + &,
and kK = \3 (02 — az), where a and oy are the mean and the variance of the
interarrival time.

Step 3. Letting z — oo in (16), by the definition of the function f5 (z,y,t,¢),

we obtain
li af2 (Z7y7t78)
im ——— "~
z—00 0z
and, taking into account the expansion

:0’

. \2
; . €s
eIe® :1+]55+%+0(53),
we can write

5278f2(o§;;y’t’5) + fa (00, y,t,e) A Y- piSi (t) jeyia?)

i=1

_ 9f2(0,y,te) ,y7t€ sz S; (¢) <]€y a(l) (JEUL) (Z)> +0 (63),

. o
where ol = J y2dGi(y).
0

By substituting here the expansion (19) and taking the limit as z — oo,
we get

2‘%2(“” + Do (y,t) A styzag )pisSi ( Z JEymag ) pmSm (t) £(00)

i=1 m=1

. N2 i
A Z piSi (t) (sz af? + Usgaf ))

Py (v, t sz : ]Syzal) Z PmSm ()(]Syma(m)-i- (JEym) (m)) +O(53).
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After simple manipulations, and taking into account that

L= (- f (),

we get the following differential equation for @ (y,t):

NS
(2) aé)p,SZ(t)

'Mz

Rt = By (v, 1) {A

i=1

w\x

2 Z_ 40\ pijyma\™ pmSi (1) Som (t)],

whose solution (with the given initial condition) can be expressed

t

n . . 2 .
23 (v.0) = e A D Loy, [ 5,(r)ar
=1

to

T3 szylal pl]ymal pm/S

zlml

Substituting this expression into (18) and performing the inverse substitu-
tions of (15) and (12), we get the expression (11) for the asymptotic characteristic
function of the process {z (t), W (¢)}.

The proof is complete.

Corollary. For z — oco,t =T and tg — —oo we get the characteristic function
of the process { V (t)}in the steady state regime

h(v) = exp {N)\Zjviagi)bi

i=1

+NX Z

az pzb + 72 Z ]Uzal ]Umal I)KWL}’ (20)

i=1m=1

b = p / (1- By (7)) dr,
0

oo
Kim = piPm / 1 — By, (T)) dr.
0

where

The structure of function (20) implies that the n-dimensional process {V (¢)}
is asymptotically Gaussian with mean

a=NJA\ |:agl)b1 aEZ)bg ce (l(ln)bn:|
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and covariance matrix

K =N [AKY 4 xK®

where
ab; 0 .0
KO — 0 ag)bg... 0
0 0 ...a",

VeV iy PP Ky - Vel K

K® — ag ) (1)K21 ag ) §2)K22 a:(LQ)agn)Kgn

agn)agl)Knl agn)a?)Kng ag ") (n)K,m
5 Simulation Results

The previous results, summarized by (20), are obtained under the asymptotic
condition of infinitely growing arrival rate (N — oo) and, hence, they can provide
suitable approximations only for sufficiently large values of N. To investigate
their practical applicability, we have considered several simulation scenarios,
varying all the system parameters (i.e., the distributions of the interarrival and
service times and of the customer capacity as well as the probabilities p;). Since
all the different simulation sets led to similar results, for sake of brevity, we
present just one of them.

In more detail, we assume that the input renewal process is characterized
by a uniform distribution of the interarrival time in the interval [0.5,1.5], cor-
responding to a fundamental rate of arrivals A = 1 customers per time unit.
Moreover, each arriving customer may belong to one of n = 3 types, according
to the following probabilities: p; = 0.5, p2 = 0.3 and p3z = 0.2. We assume that
resource amounts occupied by each customer type have exponential distribution,
with parameters 2, 1 and 0.4, respectively. Finally, the service times have gamma
distribution with shape and inverse scale parameters equal to oy = 31 = 0.5,
ag = B = 1.5 and a3 = (B3 = 2.5, respectively.

Our aim is to show that the Gaussian approximation gets better and better as
N goes to infinity, thus providing some indications on reasonable lower bounds of
N for the applicability of (20). Hence, we carried out different sets of simulation
experiments (in each of them 10! arrivals were generated) for increasing values
of N and compared the asymptotic distributions with the empiric ones in terms
of Kolmogorov distance [5]

A =sup|F (2) - G ()|
where F(z) is the cumulative distribution function built on the basis of simula-

tion results, and G(x) is the Gaussian approximation given by (20); the corre-
sponding parameters for the three classes are summarized in Table 1. For sake



Table 1. Parameters of Gaussian approximations
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Customers class | Mean | Variance
First 0.25 N |0.229 N
Second 0.3 N |0.553 N
Third 0.5 N |2349 N

of brevity, we show the results only for the marginal distributions of the total

resource amount for each class of customers.

Tables 2, 3 and 4 report the values of the Kolmogorov distance for the three
types of customers, highlighting that the goodness of the approximation depends
not only on N, but also on the different statistical features of the considered
customers class.

0.16

0.14

0.12

Table 2. Kolmogorov distance for the first type of customers
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Table 3. Kolmogorov distance for the second type of customers

N |1
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5 1200
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Table 4. Kolmogorov distance for the third type of customers

N |1 35 50 75 100 125 |200 | 500 |1000
A10.419|0.053 | 0.043 1 0.036 | 0.031 | 0.028 | 0.022 | 0.014 | 0.009
Theoretical 008 Theoretical
Simulation Simulation
0.05
0.04
«~ 0.03
0.02
0.01
5 10 15 : 20 0 20 30 40 50 60 ;O 80 90
(a) N =35 (b) N = 200

Fig. 2. Distributions of the total resource amount for the first type of customers
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Fig. 3. Distributions of the total resource amount for the second type of customers
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Fig. 4. Distributions of the total resource amount for the third type of customers

As expected, the asymptotic results become more and more accurate when
the scale parameter IV increases. This conclusion is also confirmed by Figs. 2,
3 and 4, which compare the asymptotic approximations with the empirical his-
tograms for the total resource amount of each type of customers for two different
values of N.

6 Conclusions

In this work we considered a GI/GI/oo queue with n types of customers under the
assumption that arrivals follow a renewal process and each customer occupies a
random resource amount, independent of its service time. At first we determined
the corresponding Kolmogorov differential equations, which in the general case
cannot be solved analytically. Hence, we derived first and second-order asymp-
totic approximations in case of infinitely growing arrival rate, and we pointed
out that the n-dimensional probability distribution of the total resource amount
is asymptotically n-dimensional Gaussian. Finally, by means of discrete-event
simulation we verified the goodness of the approximation, and highlighted how
the applicability region of the asymptotic approximation (i.e., lower bounds on
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the scale parameter N for all the different classes of users) can be determined
by considering the Kolmogorov distance as accuracy measure.
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