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Abstract

One of the main features of the third Generation (3G) mobile networks is their capability to provide dif-
ferent classes of services; especially multimedia and real-time services in addition to the traditional telephony
and data services. These new services, however, will require higher Quality of Service (QoS) constraints on
the network mainly regarding delay, delay variation and packet loss. Additionally, the overall traffic profile
in both the air interface and inside the network will be rather different than used to be in today’s mobile
networks. Therefore, providing QoS for the new services will require more than what a call admission control
algorithm can achieve at the border of the network, but also continuous buffer control in both the wireless
and the fixed part of the network to ensure that higher priority traffic is treated in proper way. This paper
proposes and analytically evaluates a buffer management scheme that is based on multi-level priority and
Complete Buffer Sharing (CBS) policy for all buffers at the border and inside the wireless network. The
analytical model is based on the G/G/1/N censored queue with single server and R (R > 2) priority classes
under the Head of Line (HOL) service rule for the CBS scheme. The traffic is modelled using the Generalised
Exponential distribution. The paper presents an analytical solution based on the approximation using the
Maximum Entropy (ME) principle. The numerical results show the capability of the buffer management

scheme to provide higher QoS for the higher priority service classes.
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1 Introduction

The Third Generation (3G) mobile networks are un-
der deployment in many regions in the world. In Eu-
rope, the Universal Mobile Telecommunications Sys-
tem (UMTS) has been implemented almost by every
major mobile network operator offering new mostly
multmedia based services. At the moment, the vol-
ume of data traffic in mobile networks is still mod-
erate but it is obvious that as more and more cus-
tomers join the new opportunities offered by 3G, the
volume and the nature of the traffic at both the bor-
der and inside the mobile network will be very differ-
ent. Furthermore, many of the new services will re-
quire more strict quality of service (QoS) guarantees
than the simple data transmission, mainly regarding
packet loss, delay and delay variation. Therefore,
it is important to implement suitable algorithms to
provide prioritization between services and to guar-
antee preferential treatment to the packets belonging
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to the higher priority services. This leads to a traffic
with Differetiated Services (DS).

Considering the UMTS architecture [1], two levels
of QoS assuring algorthms can be identified. First,
at the air interface (UTRAN), efficient call admis-
sion control algorithms (CACA) can be implemented
[2] to limit the volume of the traffic entering the
network. However, CACA are not enough to pre-
vent congestions and delay inside the mobile or the
fixed parts of the network. Additionally, due to the
hierarchical architecture of UMTS, multiple traffic
stream from different connections belonging to dif-
ferent classes of services will aggregate at the Gate-
way Servicing GPRS Node (GSGN) [1] which serves
as a gateway towards the public data network (the
Internet). In this node, there is a need to implement
a buffer management scheme that provides differen-
tiated service.

Finite buffer queues with service and space priorities



are of great importance towards effective congestion
control and quality of service (QoS) protection in-
high speed telecommunication networks.

Many queueing systems with priorities have been ex-
plored by Cohen [3] and various applications of the
analytical results of priority queues to data commu-
nication systems are surveyed by de Moraes [4]. A
stable infinite capacity G/G/1 queue with a single
server and priority classes under either Preemptive-
Resume (PR) or Head-of-the-Line (HOL) schedul-
ing disciplines has been analysed in [5], by applying
the method of entropy maximisation (MEM). MEM
has also been used in [6] to study a stable single
class G/G/1/N censored queue with a single server
and First-Come-First-Served (FCFS) scheduling dis-
cipline.

A stable G/G/1/N censored queue with a single
server, finite capacity and priority classes under com-
plete buffer sharing (CBS) scheme is an important
building block in the performance of communication
networks. The analysis of such queue is very difficult
to tackle using the classical queueing theory. To the
authors’ knowledge, no exact or approximate closed-
form solutions for a stable G/G/1/N censored queue
with service priorities have appeared in the litera-
ture.

This paper presents further advances of maximum
entropy (ME) towards the approximate analysis of a
stable G/G/1/N censored queue with a single server,
and, R(R > 2) priority classes under HOL service
rule for CBS scheme.

The paper is organised as follows: The ME solution
for a stable G/G/1/N censored queue with service
priorities is characterised in Section 2. Marginal and
aggregate performance distributions are presented in
Section 3. Numerical validation results against sim-
ulation, involving Generalised Exponential (GE) in-
terarrival and service time distributions, are included
in Section 4. Section 5 includes conclusions and re-
marks for future work.

Remarks

e The GE Distribution

The GE distribution is an interevent-time distribu-
tion of the form

F(t) = PW<t)=1—71e % t>0, (1)
= 2/(C*+1), (2)
= TV, (3)

where W is a mixed-time random variable (rv) of
the interevent-time, whilst (1/v,C?) are the mean
and squared coefficient of variation (SCV) of rv W.
The GE distribution is versatile, possessing pseudo-
memoryless properties which makes the solution of

many GE-type queueing systems and networks ana-
lytically tractable [7].

2 ME Analysis of GE/GE/1/N
Priority Queue

Consider a single server finite capacity GE/GE/1/N
queue at equilibrium with R (R > 1) distinct prior-
ity classes of jobs (indexed from 1 to R in descending
order of priority) such that

e the total buffer capacity is N for a CBS scheme.

e the interarrival and service times per class are
distributed according to a GE distribution un-
der HOL service rule in conjunction with CBS
buffer management scheme.

Notation

For each class i (i = 1,2,...,R), let A\; be the mean
arrival rate, C2; be the interarrival time SCV, u; be
the mean service rate and CZ be the service time
SCV.

Focusing on a stable GE/GE/1/N queue, let at any
given time

n; (0 < n; < N) be the number of class i(i =
1,2,...,R) jobs in the queue (waiting and/or
receiving service)

S = (n1,ns,...,ng,w) be a joint queue state, where
w (1 < w < R) denotes the class of the current
job in service and EZR:1 n; < N (n.b., for an
idle queue S = 0 with w = 0)

Q be the set of all feasible states S

n = (ny,ns,...,ng) be an aggregate joint queue
state (n.b., 0 =(0,...,0))

Q be the set of all feasible states n
Remarks

e The arrival process for each class i(i =
1,2,...,R) is assumed to be censored i.e., a
jobof classi(i =1,2,...,R) will be lost if on
arrival finds N jobs at the queue.



2.1 Prior Information

For each state S, S € Q, and class i (1 = 1,2,..., R)
the following auxiliary functions are defined:

n;(S) = the number of class i jobs present in state S,
si(8) = { (lJ: i)ft(fljefwii’se.

mS) = {0 et

o - (LB s

Suppose all that is known about the state probabili-
ties {P(S)} is that they satisfy the

e Normalisation constraint

> P(S)=1, (4)

SeQ

and that the following marginal mean value con-
straints per class i exist:

e Server utilisation, U; (0 < U; < 1),
> si(S)P(S)=Ui,i=1,2,...,R; ()
SeQ

e Busy state probability per class, 6; (0 < §; <
1),

> hi(S)P(S)=6;,i=1,2,....,R;  (6)

SeQ
e Mean queue length, L; (U; < L; < N),

> ni(8)P(S)=Li,i=1,2,...,R; (7)

SeQ
e Full buffer state probability, ¢; (0 < ¢; < 1),
Y fi(S)P(S) = ¢, i=1,2,...,R;  (8)
SeQ
satisfying the flow balance equations, namely
Az(l_ﬂz):,ulUl)ZZ]->27)R) (9)

where 7; is the blocking probability that an arriving
job of class ¢ finds the queue full.

The choice of mean value constraints (4) - (8) is based
on the type of constraints used for the ME analysis of
a stable multiple class queues with or without priori-
ties (c.f., [7, 8, 9]). Note that if additional constraints
are used, it is no longer feasible to capture a compu-
tationally efficient ME solution in closed-form. As a
consequence, this will have adverse implications to-
wards the creation of a cost-effective queue-by-queue
decomposition algorithm for arbitrary queueing net-
work models (QNMs). Conversely, the removal of
one or more constraints from the set (4) - (8) will
result into a ME solution of reduced accuracy.

2.2 A Universal Maximum Entropy
Solution

A universal form of the state probability distribution
{P(S),S € Q} can be characterised by maximising
the entropy functional

ZP )log P(S (10)

subject to constraints (4) - (8). By employing La-
grange’s method of undetermined multipliers, the
ME solution is expressed by

R

P(S) = — [[g7® @2 ®yl® vs e q;
i=1

(11)

where Z, the normalising constant, is clearly given

by

7 - Z(H 55(8) ghi(S) ?I(S)yzfi(s)>’ (12)

SeQ

and {g;,&, i, vi, t = 1,2,..., R} are the Lagrangian
coefficients corresponding to constraints (5) - (8), re-
spectively.

Remarks

Although constraints (5) - (8) are not known pri-
ori, nevertheless it is assumed that these constraints
exist. This information, therefore, has been incorpo-
rated into the ME formalism (4) - (10) in order to
characterise the form of the joint state probability
(11). An efficient computational implementation of
the ME solution (11), however, requires the prior es-
timation of the Lagrangian coefficients. This can be
achieved by making GE-type buffer size invariance
assumptions with regard to Lagrangian coefficients
{9i,&,zi, 1 =1,2,..., R} together with asymptotic
connections to an infinite capacity GE/GE/1 queue
(c.f, [7])-

Aggregating (11) over all feasible states S € Q, and
after some manipulation, the joint aggregate ME
queue length distribution {P(n), n € Q} is given
by:

1
P(0) = 7 (13)
1 (n) - (n)
n; ¢hi(n i(n
P(mn) = Z(sz & )( Z 95Y; );
i=1 JF=LAn;>0
Vne Q-—{0}; (14)
where h;(n) = 1, if n; > 0, or 0 otherwise and

filn) = 1, if Zle n; = N, or 0, otherwise, for
i=1,2,...,R.



2.3 Recursive Relationships

Taking advantage of the ME product-form solution
(13)-(14) and applying the generating function ap-
proach [10], recursive expressions for marginal utili-
sations {U;,7 = 1,..., R}, aggregate state probabil-
ities {P(n), n = 0,..., N}, marginal state probabil-
ities {P;(n;),n; = 0,1,..., N} and marginal mean
queue lengths {L;,i =1,..., R} can be obtained.

2.3.1 Marginal Utilisations

It can be observed that the marginal utilisations
{Ui,i = ., R} are clearly defined by U; =
>_seq 5i(S)P(S) and after some manipulation, they
take the following universal form, namely

ngza:z (Zy oW (v - 1)) =1,2,...,R;

(15)
where Z is the normalising constant and can be de-
rived from the above eqaution (15) as follows:

R N
Z=1+) gi&mi (Z y7 e (v - 1)) - (16)
i=1 v=1

where y(v) = 1, if v = N or 0, otherwise. C(v)
can be calculated recursively using the following ex-
pressions:

CDw) = (1 = &)z;C% (v—l)+C’( ) — N
Cw—N)+zNegeWw-N-1), (17)
forv=12,....N—-1; i =1,2,...,

conditions
(i) B 0, v<O0,
¢ (v) = { 1, v=0,

R with initial

where C(v) = Cg(v) and

Cr(v) =2,Cr(v—=1)+ Cr_1(v) — (1 = &)z,

Cr1(v—1) =&V 0 (v—N—1), (18)
r=1,2,..., R with initial conditions
0, v <0,
Cr(v) =< 1, v=0,
611’11), v > 0.

2.3.2 Marginal State Probabilities

Aggregating ME solution {P(S),S € Q} and defin-
ing an appropriate z-transform [10], after some ma-
nipulation, the following recursive expressions for the
marginal probabilities can be obtained:

1+ Z gJé“]a:]ZC(] 5(v) ’

J=1INj#d

P;(0) =

N[+

(19)

N—-n—F
P;(n) Zg]E Z > o
k=1Ak#i v=0

(20)
where E; =&z if j#iorlow, F=1ifj#ior0
ow.
The coefficients {C’i(j) (v),v=0,1,...,N —1,(i,j) €
[1, R]} can be determined by the following recursive
formulae:

+ (]. - fz)l’l
Dv—N—1),i
CO(v) —z;,C9 (v —1) + :UfVCi(j)(v —N),
t=7
(21)
with initial condition C¥(v) = 0 if v < 0, or 1, if
v =0, where C9) (v) is determined by (17).

2.4 The Blocking Probability

A universal form for the marginal blocking probabil-
ities {m;, i = 1,2,..., R} of a stable multiple class
GE/GE/1/N queue can be approximately estab-
lished, based on GE-type probabilistic arguments, by
the following expression:

(Za (1—0)N""P(v )), (22)

where 6;(v) = =i o0 = 2/(1+ C7;) and
ri =2/(1+ C?,) and P(v) are the aggregate proba-
bilities.

2.5 The Lagrangian Coefficients

It is assumed, as in earlier works (c.f., [7, 8, 9]), that
the Lagrangian coefficients {g;, &,z;,i = 1,..., R}
of the ME solution (11) for GE-type queues and net-
works are largely invariant to the buffer threshold
size N; (i = 1,2,...,R). These coefficients can be,
therefore, approximated via closed form asymptotic
queueing theoretic expressions based on the ME solu-
tion of the corresponding infinite capacity GE/GE/1
queue at equilibrium (c.f., [5]). Using the flow bal-
ance condition (9) and the closed-form expressions
for the normalising constant, Z, the aggregate prob-
abilities {P(n),n = 0,1,...,N;} and the blocking
probabilities {m;,i = 1,..., R}, the Lagrangian coef-
ficients {y;,i = 1,2,..., R} can be recursively deter-
mined (c.f., [11]):



3 Numerical Results

This section presents typical numerical experiments
in order to illustrate the credibility of the proposed
ME solution against simulation. Moreover, it demon-
strates the applicability of ME results as simple but
cost-effective performance evaluation tools for assess-
ing the effect of external multiple class GPRS traffic
at the GE/GE/1/N/HOL queue.

The numerical study focuses on two data packet
classes representing typical Internet applications,
namely, 12.5 KBytes (class 1, e.g., email) and 62.5
KBytes (class 2, e.g., web browsing) and , respec-
tively. The parameterization also involves mean ar-
rival rates and SCV of inter-arrival and service times.
It is assumed that the GPRS partition consists of
one frequency providing total capacity of 171.2 Kbps.
Without loss of generality, the evaluation study fo-
cuses on marginal performance metrics of utilisation,
mean response time and mean queue length per class.
Numerical tests are carried out to verify the rela-
tive accuracy of the ME algorithm against simulation
at 95 % confidence intervals based on the Queueing
Network Analysis Package (QNAP-2) [12], using the
same assumptions and input parameterization as the
ones used for the analytic ME solution (c.f., Figs. 1-
3). It can be observed that the ME results are very
comparable to those obtained via simulation. More-
over, it can be seen that the interarrival-time SCV
has an inimical effect, as expected, on the mean re-
sponse time per class (c.f., Fig. 3). Results shows
that high priority calls face less mean response times
as compared to the low priority calls.

Moreover, relative comparisons to assess the impact
at varying degrees of interarrival time SCVs and
buffer size, N, at the GE/GE/1/N/HOL queue upon
ME generated mean queue lengths are presented in
Figs. 4-5, respectively. It can be seen that the
analytically established mean queue lengths deteri-
orate rapidly with increasing external interarrival-
time SCVs (or, equivalently, average batch sizes) be-
yond a specific critical value of the buffer size which
corresponds to the same mean queue length for two
different SCV values. It is interesting to note, how-
ever, that for smaller buffer sizes in relation to the
critical buffer size and increasing mean batch sizes,
the mean queue length steadily improves with in-
creasing values of the corresponding SCVs. This
‘buffer size anomaly’ can be attributed to the fact
that, for a given arrival rate, the mean batch size of
arriving bulks increases whilst the interarrival time
between batches increases as the interarrival time
SCV increases, resulting in a greater proportion of
arrivals being blocked (lost) and, thus, a lower mean
effective arrival rate; this influence has much greater
impact on smaller buffer sizes.
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4 Conclusions

This paper presents an analytical model to evaluate
performance of the wireless network where different
applications are given preferential treatment in or-
der to provide quality of service. In this context, a
G/G/1/N censored queue with single server and R
(R > 2) priority classes under the HOL service rule
for the CBS scheme has been analysed using ME
principle. Closed form expressions for marginal util-
sations, state probabilities and blocking probabilities
are presesnted. Typical numerical experiments show
the capability of the buffer management scheme to
provide higher QoS for the higher priority service
classes.
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