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1 Abstract

We present an approach for the fair resource allo-
cation problem and QoS routing in All-IP networks
that o�er multiple services to users. The objective of
the optimization problem is to determine the amoun-
t of required bandwidth for each link and each class
to maximize the sum of the users' utility. In this
work, we focus on approaches that, while allocating
bandwidth, attempt to provide a proportionally fair
treatment of all the competing classes. First, we will
show that an achievement function can map di�erent
criteria subject to various utility onto a normalized
scale. It may be interpreted as a measure of QoS
(Quality of Service) on All-IP networks. Using the
bandwidth allocation model, we can �nd a Pareto
optimal allocation of bandwidth on the network un-
der a limited available budget. This allocation can
provide the so-called proportional fairness to every
class, that is, this allocation can provide the similar
satisfaction to each user. Next, we present a routing
scheme under consideration of the delay. Such an op-
timal path provides the end-to-end QoS guarantees
to each user. Finally, a numerical example is given
to illustrate how to solve the fair resource allocation
problem and how to modify the nonlinear parts.

(Keywords : multiple-objective problems, routing,
achievement function, proportional fairness, delay,
Pareto optimal, ordered weighted averaging method,
fair bandwidth allocation)
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2 Introduction

Packet switched networks su�er three major quality
problems in o�ering time-sensitive services: long de-
lay time, jitter, packet loss. The Universal Mobile T-
elecommunications System (UMTS) [1] has speci�ed
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[� 1: UMTS Service Classes

Traffic Classes
Examples

of Applications

Sensitivity

to Jitter

Sensitivity

to Delay

Sensitivity

to Packet Loss
Conversational VoIP high high low

Streaming VoD high high low
Interactive WWW, Telnet low low high

Background E-mail, FTP very low low high

four di�erent traÆc classes according to their quality
of service (QoS) requirements for di�erent applica-
tions as Table 1 shows. Di�erent people have di�erent
expectations to the network QoS. There are a number
of characteristics that qualify QoS, including mini-
mizing delivery delay, minimizing delay variations,
providing consistent data throughput capacity.

QoS routing concerns the selection of a path sat-
isfying the QoS requirements of a 
ow. The path
selected most likely is not the traditional shortest
path. Depending on the speci�cs and the number of
QoS metrics involved, computation required for path
selection can become prohibitively expensive as the
network size grows. The path selection process in-
volves the knowledge of the 
ow's QoS requirements
and characteristics and (frequently changing) infor-
mation on the availability of network resources (ex-
pressed in terms of standard metrics, e.g., available
bandwidth and delay). Resource allocation decisions
are concerned with the allocation of limited resources
so as to achieve the best system performances.

In a multi-objective decision-making situation in
the absence of uncertainty we often search for Pare-
to optimal solutions. One scheme for dealing with
multi-objective models that permits more balanced
handling of the objectives is simply to combine them
in a weighted sum. Multiple objective functions can
be combined into a single composite one to be max-
imized by summing objectives with positive weights
on maximizing and negative weights on minimizing.
If the composite is to be minimized, weights on max-
imizing objectives should be negative, and those on
minimizing should be positive. Signs orient all objec-
tives in the same direction, and weights re
ect their
relative importance. If a single weighted-sum objec-
tive model derived from a multi-objective optimiza-
tion produces an optimal solution, the solution is an

Pareto-optimal solution of the multi-objective model.
In this work, we use the method of weighted sums to
solve our problems.
We deal with the problem of dimensioning band-

width for elastic data applications in packet-switched
communication networks, which can be considered
as a multiple-objective optimization model. In our
work, we will focus on the following subjects: (i)How
do we transform the di�erent criteria measurement
onto a normalized scale? (ii)How do we allocate re-
sources with proportional fairness and �nd a routing
scheme on All-IP communication networks? (iii)How
do we modify the nonlinear multiple-objective prob-
lems as solvable Mixed-Integer programming models?

3 Achievement Function

In order to transform the di�erent measurements on-
to a normalized scale, we construct the achievement
function �i for each criteria i which can be viewed
as an extension of the fuzzy membership function
in terms of a strictly monotonic and concave utili-
ty function as shown in Figure 1. We assume that
the decision maker speci�es requirements in aspira-
tion and reservation levels by introducing desired and
required values for several outcomes. Depending on
the speci�ed aspiration and reservation levels, ai and
ri, respectively, we construct our achievement func-
tion of zi as follows:

�i(zi) = log�
zi

ri
; where � =

ai

ri
: (1)

Formally, we de�ne �i(�) over the range [0;1), with
�i(0) = �1 and �0i(0) =1. Depending on the spec-
i�ed reference levels, this achievement function can
be interpreted as a measure of the decision maker's
satisfaction with the value of the i-th criteria. It is
a strictly increasing function of zi, having value 1 if
zi = ai, and value 0 if zi = ri. The achievement
function can map the di�erent criteria values onto a
normalized scale of the decision maker's satisfaction.
Moreover, the logarithmic achievement function will
be intimately associated with the concept of propor-
tional fairness (see [6] and [8]). We will formulate the
mathematical model of the fair bandwidth allocation
by using the achievement function.
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� 1: The Graph of an Achievement Function �i(zi)

4 Formulation of the Band-

width Allocation Model with

Proportional Fairness

Given a network topology G =< V;E >, where V
and E denote the set of nodes and the set of links in
the network respectively. There is given a set S of
m classes, i.e., jSj = m. We denote by Si a set of
sessions in class i. There is also given the maximal
possible number Ki in each class i, that is jSij = Ki.
We will get the following mathematical model (MP1):

Maximize

mX

i=1

wi i

Subject to
X

e2E

�exe = B

X

i

X

j

�ij(e)�
i
j = xe; 8e 2 E

X

i

(Ki � ci + �i) = B

�ij � bi; 8j 2 Si; for i = 1; : : : ;m
xe � Ue; 8e 2 E

 i = iti �

mX

k=1

dki; 8i = 1; : : : ;m

ti � dki � fk(x); 8i; k = 1; : : : ;m
dki � 0; 8i; k = 1; : : : ;m

�ij �
X

e

�e�
i
j(e) = ci; 8j 2 Si; for i = 1; : : : ;m

�i1 = �i2 = � � � = �i
Ki ; 8i = 1; : : : ;m

xe � 0; 8e 2 E
�ij � 0; 8j 2 Si; for i = 1; : : : ;m
�ij(e) = 0 or 1; 8e 2 E;
ti unrestricted, 8i = 1; : : : ;m;

where wm = �m, wi = �i � �i+1 for i = 1; : : : ;m� 1,
�i 2 (0; 1) is given for each i, and

Pm

i=1 �i = 1. The
individual function  i is the �rst i sum of the ordered
multiple objective functions  i in the allocation pat-
tern x = fxe j e 2 Eg and the bandwidth �

i allocated
to class i. Here, we letKi in (MP1) be a �xed number
for the discussion under deterministic assumption of
feasibility of (MP1). In general, Ki may be random
which is beyond scope of the thesis.

5 Modi�cations of Nonlinear

Parts

We rewrite (MP1) as the following model (MP2).

Maximize

mX

i=1

iwiti �

mX

i=1

mX

k=1

widki

subject to
X

e2E

�exe = B

X

i

X

j

Ai
j(e) = xe; 8e 2 E

X

i

(Ki � ci + �i) = B

xe � Ue; 8e 2 E
dki � 0; 8i; k = 1; : : : ;m
�Ai

j(e) + bi �M � �ij(e); 8e 2 E;
8j 2 Si; for i = 1; : : : ;m
�Ai

j(e) �M � (1� �ij(e));
8e 2 E; 8j 2 Si; for i = 1; : : : ;m
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X

e

�eA
i
j(e) = ci; 8j 2 Si; for i = 1; : : : ;m

ti � dki � zi1f̂i(0) + zi2f̂i(bi;1) + zi3f̂i(1)

+zi4f̂i(bi;2) + zi5f̂i(bi;3)� zi6f̂i(10)� zi7f̂i(bi;4)

�zi8f̂i(Mi); 8i; k = 1; : : : ;m
�i = zi2bi;1 + zi3 + zi4bi;2 + zi5bi;3 + 10zi6 + zi7bi;4
+zi8Mi; for i = 1; : : : ;m
zi1 � yi1; for i = 1; : : : ;m
zik � yik�1 + yik; 8k = 2; : : : ; 7; i = 1; : : : ;m
zi8 � yi7; for i = 1; : : : ;mP8

k=1 z
i
k = 1; for i = 1; : : : ;mP7

k=1 y
i
k = 1; for i = 1; : : : ;m

yik = 0 or 1;8k = 1; 2; : : : ; 7; i = 1; : : : ;m
zik � 0;8k = 1; 2; : : : ; 8; i = 1; : : : ;m
xe � 0; 8e 2 E
�ij(e) = 0 or 1; 8e 2 E; 8j 2 Si;
for i = 1; : : : ;m
Ai
j(e) � 0; 8e 2 E; 8j 2 Si; for i = 1; : : : ;m

ti unrestricted, 8i = 1; : : : ;m;

where wm = �m, wi = �i � �i+1 for i = 1; : : : ;m� 1,
�i 2 (0; 1) is given for each i, and

Pm

i=1 �i = 1.

6 Conclusions

In this work, we present an approach for the fair re-
source allocation problem and QoS routing in All-IP
networks that o�er multiple services to users. Users'
utility functions are summarized by means of achieve-
ment functions. First, we �nd that the achievement
function can map di�erent criteria onto a normalized
scale. The achievement function also can work in the
Ordered Weighted Averaging method. Moreover, it
may be interpreted as a measure of QoS on All-IP
networks. Using the bandwidth allocation model, we
can �nd a Pareto optimal allocation x� of bandwidth
on the network under a limited available budget, and
this allocation can provide the so-called proportion-
al fairness to every class i. That is, this allocation
can provide the similar satisfaction to each user in all
classes. We also �nd the bandwidth allocated to each
class i. Moreover, we obtain the maximal rate, which
the link can o�er to each class. Next, we present
a routing scheme under considering the delay. This
scheme aims at seeking a path for which the residual

maximal rate (i.e., after establishing the new connec-
tion) of its bottleneck link is maximal. This opti-
mal path provides the End-to-End QoS guarantees
to each user.
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