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Abstract—Bandwidth allocation and management is of
paramount importance for telcos mainly in packet transport
networks where bandwidth needs an even more tricky control
than in the previous circuit-based SDH networks. In these new
transport networks, as is the case of MPLS-TP or Carrier
Ethernet networks, it is very important to balance the traffic
load distribution in order to avoid localized overloads when
some parts of the networks still have available bandwidth. The
load balance in the network can improve the fulfillment of the
service level agreements and the network performance, namely
with respect to the amount of carried traffic. In point-to-point
(p2p) virtual connections it is well known that the shortest paths
obtained through the hop count metric can lead to an inefficient
load distribution. In order to better distribute the traffic over
the network other metrics that can be used in shortest paths
algorithms have been proposed in the literature. In this paper
we present a bicriteria approach in which the first objective has
the purpose of better distribute the traffic in the network and
the second objective function intends to minimize the amount of
network resources involved in each virtual connection. This is a
general approach that can be applied to different kind of virtual
connections such as point to multipoint (p2m) or multipoint to
multipoint (m2m). This paper is focused on the algorithms and
the methods involved in the calculation and path selection for p2p
connections and also presents a network performance study of
the addressed methods, considering realistic transport networks.

I. INTRODUCTION AND MOTIVATION

In transport networks the bandwidth can be determined
through proper network design models. These models are
associated with different optimization problems such as finding
an optimal topology for the network depending on a given
offered traffic estimative or finding the minimal bandwidth
for each link in a network with a given topology and for a
given offered traffic estimative in order to achieve a certain
network performance level [1].

In transport network design there are also technological
problems related, for instance, to the choice of the technology
that better fits the kind of traffic that will be transported
[2]. In this case and considering the increasing volumes of

packet traffic two technologies were proposed in the last
few years: Carrier Ethernet and MPLS–TP (Multiprotocol
Label Switching–Transport Profile). Both technologies use the
bandwidth profile proposed by MEF (Metro Ethernet Forum)
[3], [4]. The bandwidth specification for each service, for each
Class of Service (CoS) or for each User Network Interface
(UNI) considered in [4] is no longer a fixed amount of band-
width, as it was in the case of the previous SDH (Synchronous
Digital Hierarchy) circuit-based transport networks. In Carrier
Ethernet or MPLS-TP networks each service, which can be
point-to-point, rooted-multipoint or a multipoint-to-multipoint
virtual connection, is defined together with a Service Level
Specification (SLS) which includes the Committed Informa-
tion Rate (CIR) and the Exceeded Information Rate (EIR),
among other parameters [4]. In order to fulfil each SLS the
network service providers need to have a fine control over the
carried traffic in order to take advantage of the the statistical
multiplexing, inherent to the packet traffic, considering that
not all network users need the maximal contracted bandwidth
at the same time. However it is always possible that a set
of users need, at a given moment, an amount of bandwidth
which is not available in some parts of the network in spite
of the traffic control mechanisms that must be implemented to
minimise the network performance degradation and to avoid
the decreasing of the Quality of Experience (QoE) perceived
by the users in these cases. This type of localized congestion
may be minimised through an adequate routing strategy that
tries to balance the network load in order to avoid the existence
of links with excessive utilization rates whenever there is
available bandwidth in some other part of the network.

For a given transport network each virtual connection (VC)
with a given bandwidth profile may be created through man-
agement mechanisms and it may be active for a relatively
long time period, typically from a few months to some years.
The network resources involved in each point-to-point (p2p)
VC are often found through shortest path algorithms using a
metric chosen according to management criteria. Sometimes,
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depending on the importance of each VC and depending on the
protection mechanisms already implemented in the transport
networks, instead of a single path, a pair of disjoint paths (or
maximal disjoint paths) may be calculated for each p2p VC
in order that one is to be used as working path and the other
as a protection path (which may become the working path in
case of a link or node failure).

The computation of the working path in network manage-
ment systems is often obtained through shortest path algo-
rithms using a single metric, the the hop count being one
of the most frequently used. Other metrics such as delay
or a load cost [5], this one with the purpose of balancing
the network traffic, may be used instead. There are several
classical algorithms to compute shortest paths such as the
algorithms of Dijkstra, Ford-Fulkerson, or Bellman-Ford [6],
[7].

There may be advantages in developing multicriteria models
for various routing problems. In fact such models enable to
treat in a consistent manner the trade-offs among possible
conflicting metrics (to be optimised) which may be relevant
in various application contexts.

State of art reviews on multicriteria routing approaches with
a discussion of methodological issues were presented in [8],
[9].

In multicriteria optimisation a set of objective functions
are considered in the problem formulation and if they are
conflicting, as it is usually the case, it is not possible to find a
global optimal solution which simultaneously optimises all the
objective functions, instead a set of non-dominated solutions
should be calculated. A non-dominated solution is a solution
such that there is no other feasible solution which may improve
one objective function without worsening at least one of the
other objective functions.

In complex problems where several objectives are involved,
in order that the different options may be assessed more
clearly, the set or a subset of non-dominated solutions are
presented to a decision agent assuming that an interactive
decision process is used. In routing problems where potentially
conflicting objectives may be present in the problem formula-
tion, usually related to Quality of Service (QoS) requirements,
a compromise solution can be chosen from the set of non-
dominated solutions by a decision agent through an interactive
procedure with the resolution algorithm or in an automated
manner.

In this paper a bicriteria shortest path approach will be
proposed for choosing p2p VCs in transport networks for
which the metrics involved are the hop count and a load
cost and considering different methods for selection of a final
non-dominated solution. A major focus of this work is on
a systematic analysis and proposal of different methods for
selecting, in an efficient manner, a non-dominated solution
by considering different forms of calculating the weights
of the convex combination of the path metrics, will be put
forward. Also the main results of an experimental study for
comparison of relevant network performance measures, with
the different variants of solution selection and the single

criterion optimisation solutions for the same metrics, will be
presented.

This paper is organised as follows. In section II the formal
description of the bicriteria routing model is presented. The
algorithm that allows the computation of the set of all non-
dominated solutions is presented in section III, as well as a
set of variants of that algorithm involving different methods
of solution selection. Besides the presentation of the set of
non-dominated solutions to the decision agent, a network
performance analysis is presented in section IV when a non-
dominated solution was chosen automatically. Finally in the
last section the conclusions are outlined.

II. BASIC BICRITERIA ROUTING MODEL

In the establishment of a p2p VC a management system
needs to compute a ‘best’ path in the network to which
some amount of bandwidth will be allocated. However it is
important to note that this path needs to have available, in
each link, at least the bandwidth that will be allocated to
the VC. The links without that available bandwidth will not
be considered in the path computation. If, for instance, the
shortest path concerning the number of hops is chosen then
the less possible amount of network resources, at the moment
the VC is created, should be occupied by the VC. In packet
transport networks the bandwidth profile associated with each
VC, characterized by a set of parameters in which the CIR
and the EIR are the most significant, must be configured
throughout the network in each network element included in
the VC path. However in shortest path algorithms used by the
management systems the bandwidth that will be considered
is the effective bandwidth [10] that may vary from link to
link in the same VC. The effective bandwidth is a simplified
stochastic measure of the network resources utilization which
reflects the statistics multiplexing effects of different traffic
flows and theirs QoS requirements.

The nature of this bandwidth allocation problem leads to the
following formalization of a generic flow oriented bicriteria
shortest path problem.

Notation:

• G = (V,L) – directed graph representing the network
topology where V = {v1, v2, . . . , v|V |} is the node set
and L = {l1, l2, . . . , l|L|} is the directed arc (or link) set.
Each arc lk = (vi, vj , Ck), from node vi to node vj , has
an associated capacity (or bandwidth) Ck;

• fs ≡ (vi, vj , γs) ∈ Fs; vi, vj ∈ V ; vi 6= vj - p2p traffic
flow of the CoS s ∈ S (the CoS set) from node vi to node
vj where γs represents a traffic descriptor that includes
all characteristics which enable to define completely each
connection of each CoS, namely the effective bandwidth
dks occupied by each flow of that CoS in the arc lk;

• Fs – set of all traffic flows of the CoS s;
• rs ≡ r(fs) – path for the traffic flow fs = (vi, vj , γs)

composed of a sequence of nodes and links from the ori-
gin vi to the destination node vj with available bandwidth
in each arc at least equal to the effective bandwidth dks;
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• D(fs) = {r(fs)} – routing domain for the traffic flow
fs, i. e. the set of all loopless paths in G from vi to vj
with enough available bandwidth for that flow;

• mk – cost associated with the arc lk corresponding do
and additive metric for which the path cost is:

m(rs) =
∑
lk∈rs

mk (1)

For the bicriteria problem lets consider that mi
k represents

the additive metric i (with i = 1, 2) associated with the arc
lk. The biticriteria shortest path problem can be formulated as
follows:

(Problem P(2))

min
rs∈D(fs)

mn(rs) =
∑
lk∈rs

mn
k n = 1, 2 (2)

Note that mi(rs) is the value of the criterion related to the
objective function i for the path rs (or the value of the
objective function i or simply the value of the metric i for
the path rs) and D(fs) is the admissible region (which is
supposed to be non empty) in the space of the decision
variables rs. The cost of a path rs is now a bi-dimensional
vector: m(rs) = (m1(rs),m

2(rs)). If the objective func-
tions are conflicting there is no solution rs which minimizes
both objective functions simultaneously, instead a set of non-
dominated solutions should be calculated.

Definition 2.1: In a bicriteria problem, a path r′s ∈ D(fs)
is non-dominated (also designated as efficient, non infe-
rior or Pareto optimal solution) if and only if ∀rs ∈
D(fs), (m1(rs),m

2(rs)) ≤ (m1(r′s),m
2(r′s)) implies that

(m1(rs),m
2(rs)) = (m1(r′s),m

2(r′s))
The admissible region in the objective functions space is

defined by the set:

M(fs) =
{
m(rs) : m(rs) = (m1(rs),m

2(rs)), rs ∈ D(fs)
}

MN (fs) is the subset of M(fs) for which all the paths rs are
non-dominated.

The non-dominated solutions can be found through the
minimization of a scalar function which is a convex linear
combination of the objective functions involved in the problem
formulation (see [11]). A convex linear combination associates
with each arc a new cost which is a non negative weighted
sum of the original costs.

Therefore the non-dominated solutions of the problem P(2)

can be found by solving the problem P ′ :
(Problem P ′)

min
rs∈D(fs)

m′(rs) =
∑
lk∈rs

Mk (3)

where Mk =
∑2
n=1 εnm

n
k and ε = (ε1, ε2) ∈ ε = {ε : εn ≥

0, n = 1, 2 ∧∑2
n=1 εn = 1}.

If different weights ε ∈ ε were used in the minimiza-
tion function (3) different non-dominated solutions could be
obtained for the problem P(2), however with this approach
it is not possible to find the whole set of non-dominated
solutions but only the solutions belonging to the boundary of
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uma solução no interior do invólucro convexo. Mas, como na realidade são soluções não

dominadas, são soluções que não deverão ser desprezadas, uma vez que poderão ser soluções

do problema. Neste trabalho, as soluções não dominadas, suportadas e não suportadas,

são encontradas recorrendo ao algoritmo MPS [5] para determinação dos k-caminhos mais

curtos.

Figura 3.1: Bi-critério: espaço de soluções.

Os diferentes tipos de soluções são exemplificados na figura 3.1. As soluções A e B são

as soluções não dominadas que minimizam, separadamente, as funções objectivo m2 e m1,

respectivamente. As soluções C e D são outras soluções vértice que foram encontradas pela

optimização da função escalar de somas pesadas. A solução E é não dominada, apesar de

não suportada, pois é dominada pela combinação convexa entre as soluções B e D, que

dá origem ao contorno convexo entre B e D. A solução F é dominada pela solução C. A

solução ideal, ou seja, aquela que minimizaria todas as funções objectivo simultaneamente,

está representada pela solução 0. Contudo, esta solução ideal não é exeqúıvel sempre que

as funções objectivo estão em conflito.

3.3.1 Cálculo dos Pesos λ

Nesta secção apresentam-se duas formas de cálculo dos pesos λ usados na resolução do

problema bi-critério de cálculo de caminhos mais curtos.

O objectivo no cálculo dos pesos, neste caso, em que vamos procurar dar igual im-

portância a ambas as métricas, é tentar normalizar as duas funções objectivo do problema,

ou seja, tentar fazer com que as gamas de variação das duas sejam próximas.

Fig. 1: Dominated and non-dominated solutions in the objec-
tive functions space.

convex hull in the objective functions space. These solutions
are designated as supported non-dominated solutions of the
bicriteria problem and are represented in the example of figure
1 by the solutions A, B, C and D. The non-dominated solutions
belonging to the duality gaps, designated as non-supported
solutions, which are dominated by a convex linear combination
of two adjacent supported solutions, can not be found through
this method. In figure 1 a unsupported non-dominated solution
is represented by the point E which is dominated by a convex
liner combination of solutions D and B. The point F represents
a dominated solution (dominated by solution C), the point
O represents an ideal optimal solution which, in general, is
not feasible and H represents a dominated solution, outside
the space of non-dominated solutions. This space of non-
dominated solutions is delimited by solutions A and B which
are the extreme supported solutions obtained by separately
solving the single criterion minimization problem defined by
each objective function (2 and 1, respectively) and which allow
the definition of point G (the Nadir point) beyond which there
are no more non-dominated solutions.

The set of all non-dominated solutions, supported and
unsupported, can be obtained by recurring to a k–shortest
path algorithm [12], [13] such as the MPS [14], which is very
efficient in most practical cases.

In this paper two additive metrics are proposed to compute
p2p VC path in transport networks: the hop count and the load
cost (4) presented in [15], [5]:

m1
k(Ck, bk) =



θk , 0 ≤ θ′k ≤ 0.5
2θk − 1

2Ck , 0.5 < θ′k ≤ 0.6
5θk − 23

10Ck , 0.6 < θ′k ≤ 0.7
15θk − 93

10Ck , 0.7 < θ′k ≤ 0.8
60θk − 453

10 Ck , 0.8 < θ′k ≤ 0.9
300θk − 2613

10 Ck , 0.9 < θ′k ≤ 1
(4)

where θk = Ck − bk is the occupied bandwidth, bk is the
available bandwidth and θ′k represents the relative occupation
of the arc lk, θ′k = θk

Ck
.

This load cost is a piece-wise linear convex function which
associates a cost with each link depending on the link uti-
lization and penalising the most loaded links. In shortest path
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algorithms this cost tends to better distribute the traffic over
the network, as it leads to the avoidance of higher loaded links.

The hop count, represented in this formulation by m2
k =

1,∀ lk ∈ A, is as integer metric which simply counts the
number of links included in each path.

The use of both metrics in the computation of each VC path
intends to combine the benefits of each one. If the network
is lightly loaded the hop count metric used in shortest path
algorithms leads to shorter paths and thus to a minimal of
network resources involved in each VC. However, for higher
loads hop count leads to longer paths because some parts of
the network start to become congested while at the same time
other parts of the network are less loaded. On the other hand
the use of a load cost in shortest path algorithms leads to a
better load distribution and so, for a lightly loaded network,
leads, in average, to longer paths and because of that to an
higher amount of network resources allocated to each VC
which, for higher loads, leads to more congestion as there
are less available resources. The bicriteria model proposed in
this paper intends to find compromise solutions for each VC
in order to achieve load balance in the network without too
much resources involved.

III. VARIANTS OF THE ROUTING METHOD

The resolution approach based on the use of a k–shortest
path algorithm allows the computation of the whole set of non-
dominated solutions, supported and unsupported. However this
may not be the adequate strategy in terms of computational
efficiency for finding a final compromise solution in practical
situations of networks where many non-dominated solutions
may arise, namely in networks of great dimension and with
high connectivity. A more efficient use of this algorithm
involves to consider a convex combination of the two original
objective functions (3) where the considered weights allow
a quicker finding of non-dominated solutions in the desired
region of the objective functions space.

Another aspect to be taken into account is the range in
which each objective function may vary. If those ranges are
very different from each other it is important that the weights
be chosen in order to compensate this difference otherwise
the solutions would be found by an order which is mainly
conditioned by the objective function with lower range. In
that case too many (dominated) solutions may be found by
the k-shortest path algorithm conditioned by the lower range
objective function before other non-dominated solution be
obtained.

Next, considering that equal importance is given to each ob-
jective function included in the bicriteria problem formulation,
different strategies are proposed to compute the weights used
in (3) in order that the MPS algorithm can find efficiently
a ‘best’ compromise solutions in the set of non-dominated
solutions.

A. Weighting Sets

Let Opi be the minimum value of the objective function
mi(rs) and let ris be the path for which Opi is obtained.

Analogously, let Opj be the minimum of the objective function
mj(rs) and rjs be the path for which Opj is obtained. Then
the range of values of the objective function mi(rs) for non-
dominated solutions is: ∆i = mi(rjs)− Opi. The Opi values
are represented in figure 1 and can be obtained for each
objective function with Dijkstra algorithm, for instance.

The first set of weights can be obtained as in classical
bicriteria algorithms with the aim of equalising the range of
values for each objective function:{

∆1ε1 = ∆2ε2
ε1 + ε2 = 1

(5)

which means that each weight εi is given by:

εi =
1

∆i

(
2∑
k=1

1

∆k

)−1
(6)

As it can be seen these weights are calculated each time that a
VC needs to be computed. The search direction, in this space,
is approximately at 45◦ in the objective functions space.

The second set of weights is based on the network state.
Lets consider the average of each cost for all the links in the
network:

mi
k =

∑
lk∈Lm

i
k

|L| (7)

Then, the equalisation of the variation range of both objective
functions, instead of being considered for each VC compu-
tation through (5), (6), can be done in terms of the global
network conditions independently of which VC is going to be
computed:{

m1
kε1 = m2

kε2
ε1 + ε2 = 1

⇔

 ε1 =
m2

k

m1
k
+m2

k

ε2 =
m1

k

m1
k
+m2

k

⇔
{

ε1 = 1
m1

k
+1

ε2 = 1− ε1
(8)

As the second metric is the hop count, m2
k = 1 in equations

(8).
It is important to note that the two sets of weights have the

purpose of considering with equal importance both objective
functions underlying.

B. Choice of a Compromise Solution

In the resolution of the proposed bicriteria shortest path
problem all the set of non-dominated solutions may be com-
puted in order that a solution may be chosen by a decision
agent. Alternatively a single non-dominated solution may be
chosen automatically by the routing management system. For
the latter case two methods are going to be considered.

The first method is based on priority regions defined in
the non-dominated solution space as in the models described
in [16], [17] as represented in figure 2. In this case ‘soft
constraints’, defined as required and acceptable values for each
objective function, are used to define the priority regions 1, 2,
3 and 4 in figure 2 where the priority order is defined by
the corresponding number. If there are no solutions in the
higher priority region 1 the search is stopped whenever a non-
dominated solution is found in a given priority region if all
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Figura 3.3: Definição das regiões de prioridade, com a segunda métrica discreta.

espaço de soluções, podem aparecer soluções nas regiões 2 e 3 antes de aparecer uma solução

na região 1. Se tal acontecer, essas soluções não dominadas são guardadas até que a região

1 seja pesquisada na totalidade, que corresponde à pesquisa ultrapassar o ponto X na figura

3.2. Se não existirem soluções não dominadas na região 1, a pesquisa prossegue nas regiões

seguintes, ou seja, 2 e 3, e posśıveis soluções não dominadas encontradas previamente

nestas regiões são agora consideradas. Se a pesquisa ultrapassar os pontos Y1 ou Y2, e

não existir nenhuma solução nas regiões de segunda e terceira prioridade, respectivamente,

é escolhida uma solução da região 4, se entretanto tiver sido encontrada alguma. Se ainda

não foi encontrada nenhuma solução na região 4, a pesquisa continua até a região 4 ter

sido totalmente pesquisada, ou seja, a pesquisa ultrapassar o ponto Z da figura 3.2.

Eventualmente, poderão existir soluções fora de qualquer uma das regiões previamente

abordadas, como é o caso das soluções 4 e 5 (que se encontram na região 5), ou mesmo

das soluções vértice 1 e 2 (figura 3.2), que poderão ser utilizadas como soluções de última

escolha.

Este método de escolha de uma solução não dominada baseado em regiões de prioridade

é descrito em pseudo-código no algoritmo 1. Para a sua análise, notar que;

• Através dos valores aceitáveis e requeridos, define-se Região(k), (k = 1, 2, 3, 4, 5),

como o conjunto das regiões de prioridade. Considerando um caminho não dominado

rs, a Região(k) do caminho rs é definida por:

– Região(1): Op1 ≤ m1(rs) ≤ m1
req e Op2 ≤ m2(rs) ≤ m2

req;

Acceptable value

Acceptable value

Required value

Required value

Fig. 2: Priority regions.

the higher priority regions were already completely searched
without success.

The required and acceptable values for the two metrics were
defined as follows:

m1
ac = Op1 +

2

3
∆1; m1

req = Op1 +
1

3
∆1 (9)

m2
ac = Op2 +

2

3
∆2; m2

req = Op2 +
1

3
∆2

Note that in figure 2 the discrete nature of the hop count
metric is taken into account.

The second method is based on the use of a reference point,
in this case the ideal optimal solution, and the choice of the
non-dominated solution is based in the shortest distance to that
point. Two weighted distances are going to be considered: the
Euclidian distance and the Tchebycheff distance [11]:

‖mN (rs)−Op‖εp =

[ N∑
i=1

(εi|mi
N (rs)−Opi|)p

] 1
p

(10)

where p ∈ {1, 2, ...}∪{∞}. For the Euclidian distance p = 2
and for the Tchebycheff distance p =∞ as:

‖mN (rs)−Op‖ε∞ = max{|mi
N (rs)−Opi|} i ∈ {1, 2}

(11)
Note that mN (rs) ∈ MN (fs), and Op = (Op1, Op2) is the
ideal optimal solution.

IV. PERFORMANCE ANALYSIS RESULTS

The performance evaluation of the bicriteria approach con-
sidering different solution selection methods for choosing p2p
VC in transport networks, is presented next. For that purpose
a simulation study was carried out for two network topolo-
gies, presented in [18]. For each network it was considered
that all the links have the same capacities Ck = 10Gbit/s.
Three services were also considered for each network with
three different effective bandwidths: 20, 50 and 100Mbit/s
correspond to the services 1, 2 and 3, respectively. In the
simulation study the p2p VC requests are randomly generated
concerning origin-destination pairs and service types with a
uniform distribution and are maintained indefinitely in the
network, which means that the traffic is of incremental type.

For each case 100 independent simulations were considered
and the average values as well as the confidence interval
with 95% confidence degree were registered for each network
performance measurement.

The different methods for choosing a non-dominated solu-
tion as well as the weighs used in each method are summarized
in the table I:

Designation Selection Method Weights
B1 Priority regions ε1 = 1

m1
k

+1

ε2 = 1− ε1

B2 Priority regions εi =
1

∆i

(∑2

k=1
1

∆k

)−1

B3 Euclidian dist. equal to B1
B4 Tchebycheff dist. equal to B1
B5 Euclidian dist. equal to B2
B6 Tchebycheff dist. equal to B2
M7 Single criterion ( Load cost) –
M8 Single criterion (Hop count) –

TABLE I: Methods for choosing a non-dominated solution.

In the simulation study the effect on the network concerning
the use of different ways of choosing a non-dominated solution
are evaluated in terms of the following network performance
measurements:
• Number of p2p VC requests per service;
• Number of p2p VC established per service;
• Carried bandwidth: BCarr =

∑
s

∑
lk∈rs dks;

• Available bandwidth: BAval =
∑
lk∈L (Ck −BCarr);

• Average number of links in each p2p VC.
The network performance measurements were registered

for different bandwidth blocking percentages (i. e. the ratio
between the bandwidth of non accepted VCs and the total
offered bandwidth) as it can be seen in the next figures. The
bandwidth blocking (see fig. 3) results from the fact that as the
networks are progressively loaded some p2p VCs cannot be
established as there is no enough available bandwidth in the
network. The obtained results were compared with the ones
obtained with the single criterion results for each metric, M7
and M8.

In figures 3 and 4 the carried bandwidth and the available
bandwidth for the first network (“France” network in [18]), are
represented for each method. Note that sub-figures (a) and (b)
present the results for the different methods that use the two
sets of weights (6) and (7), respectively. The single criterion
results were repeated in each sub-figure in order to allow an
easier comparison between both sets of results. As it can be
seen in these figures the method that leads to more carried
bandwidth (and consequently to less available bandwidth, as
it can be seen in figure 4) for each blocking value, is the
single criterion method M7 which uses the load cost metric.
The method that leads lo less carried bandwidth (and to more
available bandwidth) is the single criterion method M8 which
uses the hop count metric. As expected the bicriteria approach
leads in general to intermediate values, although the bicriteria
methods that use the same weights as the method B1 lead
to almost the same carried bandwidth as the single criterion
method M7 and to more available bandwidth than M7. Another
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agora por pesos A, e os dois métodos mono-critério. Na figura 4.3(b) apresentam-se os

resultados dos métodos bi-critério que utilizam os pesos que reflectem o estado da rede,

definidos na secção 3.3.1.3, a partir de agora referidos por pesos B, e também os dois

métodos mono-critério, para mais fácil comparação.
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Figura 4.3: Rede “France”: largura de banda transportada.

Observa-se que, nesta rede, e com bloqueio muito baixo (aproximadamente 0%), que

corresponde à perda da primeira ligação, todos os métodos de selecção de caminhos dão

origem a praticamente a mesma largura de banda transportada, excepto o método M8,

que dá origem ao transporte de largura de banda ligeiramente inferior. Para valores de

bloqueio mais elevados, as versões bi-critério que utilizam os pesos B (métodos B1, B3

e B4) dão origem a uma largura de banda transportada ao ńıvel do método M7 (mono-

critério função de custos). Já os métodos bi-critério que utilizam os pesos A (métodos B2,

B5 e B6) originam valores de largura de banda transportada menores. Dada a topologia da

rede, o método M8 (número de arcos dos caminhos) dá origem a valores muito inferiores

de largura de banda transportada6.

Na figura 4.4 apresenta-se a largura de banda dispońıvel na rede, que traduz a diferença

entre a capacidade total da rede e a ocupação nos arcos, como definido na equação 4.10.

No que à largura de banda dispońıvel diz respeito, a comparação entre os vários métodos

deverá ter em conta a largura de banda transportada (figura 4.3). Assim, considerando os

métodos que deram origem a valores maiores de largura de banda transportada (métodos

B1, B3, B4 e M7) verifica-se que o método M7 utiliza mais recursos do que qualquer

um dos métodos bi-critério, originando uma menor largura de banda dispońıvel. Entre

6Ver os resultados obtidos por este método, no apêndice B, numa rede completamente ligada.
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entre a capacidade total da rede e a ocupação nos arcos, como definido na equação 4.10.
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deverá ter em conta a largura de banda transportada (figura 4.3). Assim, considerando os

métodos que deram origem a valores maiores de largura de banda transportada (métodos

B1, B3, B4 e M7) verifica-se que o método M7 utiliza mais recursos do que qualquer

um dos métodos bi-critério, originando uma menor largura de banda dispońıvel. Entre

6Ver os resultados obtidos por este método, no apêndice B, numa rede completamente ligada.
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Blocking [%]

Fig. 3: Carried bandwidth in “France” network.

aspect is that the bicriteria methods which use the same set
of weights lead approximately to the same carried traffic but
not to the same available bandwidth. In fact in figure 4(b) the
method B1 leads to less available bandwidth than the other
methods that are using the same weights.

In figure 5 the average number of links per path is presented
for each method. As it can be seen in this figure all the
bicriteria methods lead to lower average number of links
values than any single criterion method. This is an important
result because it was also achieved for other networks, as
showed next. This result is also consistent with the maximal
number of links per path obtained by each method, presented
in figure 6.

Note that the decreasing in the average number of links per
path for all the methods, as the blocking increases is related
to the fact that some parts of networks start to be congested
for higher blocking values and so, in average, the paths that
can be found are smaller. Also note that the weights used in
methods B1, B3 e B4 lead to the better values concerning the
average and the maximal number of arcs per link.

In figure 7 the number of requests for p2p VCs which were
generated and established for each method and for each service
for 25% bandwidth blocking are presented. Once more the
extreme values were obtained by the single criterion methods,
as expected. Also note that the methods B1, B3 and B4 (which
use the weights presented in equations (8)) have almost as
good results as the ones obtained by the M7 method.

In order to complement the previous results, another set of
the most significant results obtained with the network topology
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Figura 4.4: Rede “France”: largura de banda dispońıvel.

os métodos bi-critério, a diferença entre os métodos B3 e B4 (distância euclidiana e de

Tchebycheff, respectivamente, ao óptimo ideal) é praticamente nula e o método das regiões

de prioridade (B1) dá origem a uma menor largura de banda dispońıvel, quando comparado

com os métodos B3 e B4. Este comportamento, que se observa na figura 4.4(b), reflecte

uma ocupação dos recursos da rede mais racional por parte dos métodos bi-critério, quando

comparado com o método M7.

Em relação aos métodos B2, B5 e B6, uma vez que deram origem a uma menor largura

de banda transportada, é natural que tenham também ocupado menos recursos na rede.

É ainda de observar o comportamento do método M8, que mesmo com bloqueio de

aproximadamente 0%, dá origem a uma maior largura de banda ocupada, quando compa-

rado com, por exemplo, os métodos B3 e B4. Isto significa que, mesmo escolhendo, para

cada ligação, o caminho mais curto em termos de número de arcos, este método dá origem

ao esgotamento prematuro da largura de banda dispońıvel de alguns arcos, o que o obriga

depois a escolher caminhos mais longos.

Estes comportamentos são evidenciados com a análise do número médio e máximo de

arcos dos caminhos. Assim, nas figuras 4.5 e 4.6 apresentam-se, respectivamente, a média,

nas 100 experiências, do número médio de arcos de todos os caminhos e do número máximo

de arcos constituintes de um caminho na rede.

Como se verifica na análise do número médio/máximo de arcos dos caminhos, a largura

de banda deixada dispońıvel nos arcos está intimamente relacionada com o número de

arcos dos caminhos escolhidos pelos vários métodos. Assim, os caminhos mais longos

são obtidos pelo método M7. Apesar da largura de banda transportada originada pelos

(a)
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uma ocupação dos recursos da rede mais racional por parte dos métodos bi-critério, quando

comparado com o método M7.

Em relação aos métodos B2, B5 e B6, uma vez que deram origem a uma menor largura

de banda transportada, é natural que tenham também ocupado menos recursos na rede.

É ainda de observar o comportamento do método M8, que mesmo com bloqueio de

aproximadamente 0%, dá origem a uma maior largura de banda ocupada, quando compa-

rado com, por exemplo, os métodos B3 e B4. Isto significa que, mesmo escolhendo, para

cada ligação, o caminho mais curto em termos de número de arcos, este método dá origem

ao esgotamento prematuro da largura de banda dispońıvel de alguns arcos, o que o obriga

depois a escolher caminhos mais longos.

Estes comportamentos são evidenciados com a análise do número médio e máximo de

arcos dos caminhos. Assim, nas figuras 4.5 e 4.6 apresentam-se, respectivamente, a média,

nas 100 experiências, do número médio de arcos de todos os caminhos e do número máximo

de arcos constituintes de um caminho na rede.

Como se verifica na análise do número médio/máximo de arcos dos caminhos, a largura

de banda deixada dispońıvel nos arcos está intimamente relacionada com o número de

arcos dos caminhos escolhidos pelos vários métodos. Assim, os caminhos mais longos

são obtidos pelo método M7. Apesar da largura de banda transportada originada pelos
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Blocking [%]

Fig. 4: Available bandwidth in “France” network.
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Figura 4.5: Rede “France”: número médio de arcos.
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Figura 4.6: Rede “France”: número máximo de arcos.

caminhos calculados pelo método M7 ter valores elevados para os casos de bloqueio até

25%, este comportamento irá reflectir-se no caso de bloqueio extremo, ou seja, enchendo

completamente a rede, como se verá adiante. O método M8, que à partida deveria ter os

valores mais baixos, no que diz respeito ao número médio/máximo de arcos dos caminhos,

peca por congestionar rapidamente alguns arcos, o que o leva a que, com a chegada de novos

pedidos de ligação, ter de procurar alternativas mais longas, como já referido. Quanto

aos métodos bi-critério, independentemente dos pesos utilizados, os métodos que utilizam

regiões de prioridade recorrem a mais arcos do que os métodos das distâncias7.

7A única excepção é para o caso da rede “Germany”, na figura B.4. De notar que, tendo em vista o
desempenho global da rede, o problema é muito complexo e, consequentemente, um “mau” caminho num
momento pode originar um “muito bom” no momento seguinte, como já foi referido.
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Figura 4.6: Rede “France”: número máximo de arcos.

caminhos calculados pelo método M7 ter valores elevados para os casos de bloqueio até

25%, este comportamento irá reflectir-se no caso de bloqueio extremo, ou seja, enchendo

completamente a rede, como se verá adiante. O método M8, que à partida deveria ter os

valores mais baixos, no que diz respeito ao número médio/máximo de arcos dos caminhos,

peca por congestionar rapidamente alguns arcos, o que o leva a que, com a chegada de novos

pedidos de ligação, ter de procurar alternativas mais longas, como já referido. Quanto

aos métodos bi-critério, independentemente dos pesos utilizados, os métodos que utilizam

regiões de prioridade recorrem a mais arcos do que os métodos das distâncias7.

7A única excepção é para o caso da rede “Germany”, na figura B.4. De notar que, tendo em vista o
desempenho global da rede, o problema é muito complexo e, consequentemente, um “mau” caminho num
momento pode originar um “muito bom” no momento seguinte, como já foi referido.

(b)

Blocking [%]

Fig. 5: Average number of links per path in “France” network.
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caminhos calculados pelo método M7 ter valores elevados para os casos de bloqueio até

25%, este comportamento irá reflectir-se no caso de bloqueio extremo, ou seja, enchendo

completamente a rede, como se verá adiante. O método M8, que à partida deveria ter os

valores mais baixos, no que diz respeito ao número médio/máximo de arcos dos caminhos,

peca por congestionar rapidamente alguns arcos, o que o leva a que, com a chegada de novos

pedidos de ligação, ter de procurar alternativas mais longas, como já referido. Quanto

aos métodos bi-critério, independentemente dos pesos utilizados, os métodos que utilizam

regiões de prioridade recorrem a mais arcos do que os métodos das distâncias7.

7A única excepção é para o caso da rede “Germany”, na figura B.4. De notar que, tendo em vista o
desempenho global da rede, o problema é muito complexo e, consequentemente, um “mau” caminho num
momento pode originar um “muito bom” no momento seguinte, como já foi referido.
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caminhos calculados pelo método M7 ter valores elevados para os casos de bloqueio até

25%, este comportamento irá reflectir-se no caso de bloqueio extremo, ou seja, enchendo

completamente a rede, como se verá adiante. O método M8, que à partida deveria ter os

valores mais baixos, no que diz respeito ao número médio/máximo de arcos dos caminhos,

peca por congestionar rapidamente alguns arcos, o que o leva a que, com a chegada de novos

pedidos de ligação, ter de procurar alternativas mais longas, como já referido. Quanto

aos métodos bi-critério, independentemente dos pesos utilizados, os métodos que utilizam

regiões de prioridade recorrem a mais arcos do que os métodos das distâncias7.

7A única excepção é para o caso da rede “Germany”, na figura B.4. De notar que, tendo em vista o
desempenho global da rede, o problema é muito complexo e, consequentemente, um “mau” caminho num
momento pode originar um “muito bom” no momento seguinte, como já foi referido.

(b)

Blocking [%]

Fig. 6: Maximum number of links per path in “France”
network.
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Uma conclusão importante diz respeito aos métodos que utilizam os pesos B (B1, B3

e B4), que originam caminhos com menor número de arcos, quando comparados com os

métodos que utilizam os pesos A (B2, B5 e B6), o que evidencia uma escolha mais acertada,

ao longo deste estudo, dos métodos que utilizam os pesos que têm em conta o estado global

da rede e não apenas o estado da rede para o par O-D correspondente ao pedido de ligação

em cada momento.
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Figura 4.7: Rede “France”: ligações ponto-a-ponto pedidas e efectuadas.

Na figura 4.7 apresentam-se o número de ligações, por serviço, pedidas (figuras 4.7(a) e

4.7(b)) e efectuadas (figuras 4.7(c) e 4.7(d)), para os casos de bloqueio de aproximadamente

0% e 25%.

Reparar que a diferença entre as ligações pedidas e efectuadas, para o bloqueio de

aproximadamente 0% (figuras 4.7(a) e 4.7(c)), é mı́nima, uma vez que apenas foi perdido

um pedido de ligação.

No que diz respeito às ligações efectuadas, para o caso de bloqueio de 25% (figura
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Uma conclusão importante diz respeito aos métodos que utilizam os pesos B (B1, B3

e B4), que originam caminhos com menor número de arcos, quando comparados com os

métodos que utilizam os pesos A (B2, B5 e B6), o que evidencia uma escolha mais acertada,

ao longo deste estudo, dos métodos que utilizam os pesos que têm em conta o estado global

da rede e não apenas o estado da rede para o par O-D correspondente ao pedido de ligação

em cada momento.
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um pedido de ligação.
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Fig. 7: In (a) and (b) the total number of the requested
and established VCs are represented for 25% of bandwidth
blocking percentage, respectively.
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Apêndice B

Resultados Adicionais

Neste apêndice apresentam-se outros resultados que completam a apresentação de resulta-

dos do caṕıtulo 4, para duas redes de teste adicionais.

B.1 Resultados da Rede “Germany”

Apresentam-se nesta secção os resultados obtidos para a rede “Germany”, também presente

em [2], constitúıda por 50 nós e 88 arcos. Considerou-se 10 Gbit/s de capacidade dos arcos.
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(b)

Blocking [%]

Fig. 8: Carried bandwidth in “Germany” network.

designated in [18] as the “Germany” network, are presented
next. In figures 8, 9 and 10 the carried bandwidth, the available
bandwidth and the average number of arcs per link obtained
by each method for this network are presented. As it can be
checked in these figures the results present similar patterns to
the ones previously described .

V. CONCLUSION

In order to balance the network load in transport networks
without too many resources, a bicriteria shortest path ap-
proach is proposed for choosing p2p VCs in these networks,
considering the hop count and a load cost as the metrics
involved and different methods for selection of a final non-
dominated solution. The systematics analysis and proposal
of different methods for selecting in an efficient manner
a non-dominated solution by considering different forms of
calculating the weights of the convex combination of the path
metrics were put forward. Also the main results of an experi-
mental study for comparison of relevant network performance
measures, with the different variants of solution selection and
the single criterion optimisation solutions for the same metrics,
were presented. As shown in the experimental study, this
approach leads to compromise solutions that can be chosen
automatically by network management systems that allow the
improvement of the network resources utilization. However, if
the set of non-dominated solutions is presented to a decision
agent other compromise solutions can be chosen that better
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Fig. 9: Available bandwidth in “Germany” network.
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APÊNDICE B. RESULTADOS ADICIONAIS 56

 180
 200
 220
 240
 260
 280
 300
 320
 340
 360
 380

 0  5  10  15  20  25

LB
 d

is
po

ní
ve

l [
G

bi
t/s

]

Bloqueio [%]

B2
B5
B6
M7
M8

(a)

 180
 200
 220
 240
 260
 280
 300
 320
 340
 360
 380

 0  5  10  15  20  25

LB
 d

is
po

ní
ve

l [
G

bi
t/s

]

Bloqueio [%]

B1
B3
B4
M7
M8

(b)

Figura B.2: Rede “Germany”: largura de banda dispońıvel.
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Fig. 10: Average number of links per path in “Germany”
network.

fit the network state (for each p2p request) according to the
network designer preferences.

The results of this work led to the integration of a bicriteria
approach in a real transport network management system of
Portugal Telecom.
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