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Abstract

The construction of overlay or broadcast networks, based on spanning trees,
over WDM optical networks with SRLG information has important appli-
cations in telecommunications. In this paper we propose a bicriteria opti-
misation model for calculating communication spanning trees over WDM
networks the objectives of which are the minimisation of the total number
of different SRLGs of the tree links (seeking to maximise reliability) and
the minimisation of the total bandwidth usage cost. An exact algorithm
for generating the whole set of non-dominated solutions and methods for
selecting a final solution in various decision environments, are put forward.
An extensive experimental study on the application of the model, including
two sets of experiments based on reference transport network topologies,
with random link bandwidth occupations and with random SRLG assign-
ments to the links, is also presented, together with a discussion on potential
advantages of the model.
Key-Words:WDM networks; bicriteria spanning trees; reliable collec-

tive communication (RCC); shared risk link group (SRLG)

1 Introduction and Motivation

The construction of overlay networks, that can be regarded as “logical

1Work financially supported by programme COMPETE of the EC Community Sup-
port Framework III and cosponsored by the EC fund FEDER and national funds (FCT
– PTDC/EEA-TEL/101884/2008 and Est-c/EEI/UI030/2011).

transport networks” in the sense defined in [24], namelly composed of a frac-
tion of the links of the underlying network is of great importance in various
areas of telecommunication network design. Relevant applications of this
concept are peer-to-peer networks (see e. g. in [22]) and VPNs (Virtual
Private Networks). Different types of approaches can be considered for the
design of overlay networks, in different application environments. Examples
of proposals of this nature are for example [24] - concerning a general overlay
structure or [22], concerning peer-to-per networks. In any case the obtained
network topologies are normally either tree-based or sparse topologies. In
the particular case of shortest path based routing, very attractive having
in mind the features of OSPF routing protocol and its evolutions, it was
shown in [23] that assuming certain statistical distribuitions for the link
weights/costs , in certain conditions, the overlay network (formed by the
union of all shortest path trees in the underlying network) is a minimum
spanning tree, i. e. an optimal tree that includes all network nodes.

A possible type of design method is the construction of overlay networks
based on minimal cost spanning trees in the context of a capacity aware QoS
routing method. This type of approach is proposed in [12] for application
to MPLS networks using a bicriteria model that uses as metrics to be
optimised load balancing cost and average delay bound, a model that also
may be used to traffic broadcasting in MPLS.

Furthermore various applications in communication networks require the
calculation of spanning trees, often designated as broadcast trees such as
in video broadcasting services or data management.

Note that all previously mentioned models consider a single-layer network
representation where the overlay network or broadcast tree is constructed.
A more realistic type of approach when one seeks to introduce explicitly
in the model resilience aspects has to take into account the multilayered
nature of telecommunication networks, such that a single failure at a lower
level often corresponds to multiple failures at an upper level. For example
a failure risk may represent a fibre cut, a card or a software failure at a
node, which may affect more than one link at an upper functional network
layer. These concerns are particularly relevant when the overlay/broadcast
trees are to be calculated directly over optical networks (physical layer). In
this context it is normally necessary to use the concept of Shared Risk Link
Group (SRLG), that may be defined as subset of the functional (or logical)
network links which may be affected by a certain failure risk.

These issues have led to the formulation of models for obtaining broad-
cast trees with reliability requirements in association with problems of de-
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sign of reliable collective communication structures in the sense defined in
[28]. The concept of collective communication in optical networks was orig-
inally addressed in [2] and many models, solved by heuristic procedures,
specially concerning multicast trees where only a subset of network nodes
are interconnected, have been proposed. An overview of contributions on
multicast trees with reliability requirements can be seen in [28]. Note that
although, from an application point of view, broadcasting can be seen as
special extension of multicasting, it is a distinct problem in terms of com-
binatorial optimisation and as such, its mathematical properties can be
explored also taking into account the nature of the objectives we seek to
optimise, as it will be discussed in this paper. Since the focus of our work is
the calculation of broadcast/spanning trees in telecommunication networks
with reliability/minimal SRLG requirements we will refer to some earlier
works more closely related to the specific issue of reliable broadcast trees on
optical networks. Several works focused the problem designated as node-
protected multicast tree pair problem(NP-MTP), involving the calculation
of two trees such that at least one of them remains connected in the event
of any node or edge failure [15]. Heuristics for solving this type of prob-
lem were developed in [18, 26, 1]. Concerning the special case of broadcast
trees for solving the NP-MTP problem, an algorithm for calculating a low
cost NP-MTP is given in [27]. The work by Zhu and Jue [28] proposes a
maximal reliable collective communication model for optical networks with
SRLG and failure probability information. The formulated optimisation
problem is NP-hard and seeks to obtain a spanning tree which minimises
a reliability function. The authors propose ‘a greedy’ heuristic for solving
this problem and provide an experimental study to analyse its performance
in networks with random distributions of the SRLGs assigned to the logical
network links including a comparison with the results of an Integer Linear
Programming formulation of the problem.

In general, multiple routing problems in modern telecommunication net-
works involve the calculation of network sub-graphs, typically paths or
trees, satisfying technical constraints (namely QoS constraints) and seeking
to optimise relevant network performance and/or cost metrics. Therefore
we think that in many of such problems there are potential advantages in
developing explicitly multicriteria routing approaches, carefully adapted to
the envisaged routing framework and the most relevant network features.

From a methodological point of view the inherent advantage of multicrite-
ria formulations stems from the fact that these enable the trade-offs among
the distinct objective functions (metrics to be optimised) to be represented

and explored in a mathematically consistent manner. The resolution of
a multicriteria optimisation problem consists of calculating and selecting
non-dominated solutions also known as Pareto optimal solutions. A non-
dominated solution is a feasible solution such that there is no other feasible
solution which can (in minimisation problems) decrease the value of an
objective function without increasing the value of at least one of the other
objective functions. Note that if the objective functions are conflicting, usu-
ally the so called ideal optimal solution, which minimises simultaneously
all objective functions, is unfeasible. A resolution approach is said to be
exact if it enables the exact calculation of all non-dominated solutions of
the problem. A review on multicriteria routing models for communication
networks including multicast routing is in [9]. A survey on multicriteria
minimum spanning tree problems, presenting theoretical results and algo-
rithms is in [20]. A review on multicriteria path and tree problems including
a discussing on exact algorithms and applications is presented by Cĺımaco
and Pascoal [10]. A proposal of a generic conceptual ramework for the de-
velopment of consistently multicriteria routing models in IP/QoS networks
is described in [25].

A bicriteria minimum spanning tree routing model for MPLS/overlay
networks is presented in [12]. The aim of the model is to calculate non-
dominated spanning trees seeking simultaneously to optimise load cost and
average delay bound, on MPLS networks. An exact solution to the problem,
based on an algorithm in [14] which is a specialised version for spanning
trees of the NISE (Non Inferior Set Estimation) classical approach in [11],
is also described.

In this paper we propose a bicriteria model for constructing communica-
tion spanning trees over optical WDM networks the objectives of which are
the minimisation of the bandwidth usage of all the tree links and the min-
imisation of the number of different SRLGs assigned to all the links. The
first objective seeks the selected links to be the least loaded, ensuring an
increased global traffic carrying capability and it is a type of metric previ-
ously used in single criterion and multicriteria routing optimisation models
for point to point connections over WDM networks such as in [6] (this
model uses a lexicographic approach considering as metrics to be optimised
the path length and congestion as a secondary criterion for path selection)
and [13] (in this explicitly bicriteria model topological paths are calculated
seeking to optimise simultaneously the link bandwidth usage cost and the
number of hops). Bicriteria models for routing over WDM networks as these
have addressed only point to point routing problems (unicast routing) and
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used a single layer network representation, so that no resilience objectives
are included. The second objective of the model proposed in this paper is
the minimisation of the number of different SRLGs of the tree edges hence
seeking to maximise the reliability of the tree. Note that the minimisation
of this objective function alone is the so called ‘cardinality version of the re-
liable collective communication problem’ formulated in [28], assuming that
all SRLGs have the same failure probability. Although we don’t address
the more general formulation of “the most reliable collective communica-
tion problem” involving the calculation of a spanning tree with maximal
reliability for a general probability distribution of the SRLG failures, as
treated in [28], the cardinality version of this problem is solved exactly as a
by-product of our resolution procedure as shown in this paper. We devel-
oped an exact resolution approach for the formulated bicriteria spanning
tree problem, based on an extension of the algorithm proposed in [7] for the
minimal cost/minimal label spanning tree problem. Suggestions on possible
applications of minimum label spanning tree problems to communication
networks were outlined in [4] and [10]. Note that while the minimal cost
spanning tree problem (MCST) can be solved in polynomial time by using
for example the classical algorithms by Kruskal [17] or by Prim [19], the
minimum label spanning tree problem (which seeks to determine a span-
ning tree with the minimal number of different labels, assuming that each
edge of the network is associated with a label) introduced in [5] was proven
in this work to be NP-hard. The used algorithm for solving the proposed
bicriteria optimisation spanning tree problem is based on an extension of
the one in [7] and enables dealing with multiple labels (corresponding to
SRLGs) per link and the exact calculation of all non-dominated solution
in relatively short times for most practical ranges of networks, in off-line
applications. Note that the addressed model and the associated bicriteria
optimisation problem is not only substantively different but also more com-
plex, in terms of combinatorial optimisation, than the one addressed in [12]
previously mentioned, since this considers two additive metrics while in our
problem the second metric (number of different SRLGs) is not only non-
additive but also the assignment of the SRLGs to each link is a multivalued
function.

We also present two sets of application experiments with the proposed
model. The first set of experiments concerns the application of the model
to obtain bicriteria spanning trees on a virtual network for obtaining tree-
based VPNs constructed as overlay networks over realistic transport opti-
cal networks described in the report [3]. In these experiments the SRLGs

assigned to the edges of the virtual network reflect the structure of the
underlying optical fibre links so that a two layer network representation is
explicitly defined. In these experiments the link occupancies are randomly
generated according to empirical statistical distributions. In the second set
of experiments we considered virtual networks constructed over the refer-
ence 14-node US NFS network, included in [3] and in many resilient routing
studies on optical networks. In these experiments the SRLGs assigned to
the links of the logical network are randomly generated, considering dif-
ferent distributions of the SRLGs, defined in terms of the total number of
SRLGs and the mean number of SRLGs per link similarly to the experi-
mental study in [28] on reliable broadcast trees. The experimental results
will show that not only the bicriteria approach is justified since the trade-
offs between spanning tree costs and number of SRLGs/tree resilience can
be fully analysed and explored but also this can be done in relatively short
times compatible with a wide range of application environments namely
typical national backbone optical networks.

The major contributions of this work may be summarised as follows:

• Proposal and mathematical formulation of a bicriteria optimization
model for constructing broadcast/spanning trees over optical networks
with SRLG information seeking to minimise the bandwidth usage cost
and the number of different SRLGs (hence tending to maximise relia-
bility);

• Development of an exact algorithmic approach (based on a previous ex-
act algorithm for the minimal cost/minimal label spanning tree prob-
lem) for generating the whole set of non-dominated solutions of the
model;

• Extensive experimental study involving, on the one hand the calcu-
lation of VPNs using bicriteria spanning trees constructed over real-
istic reference optical networks, considering random link occupancies
and, on the other hand the calculation of spanning trees built over
a reference transport network, with random SRLGs assignments; the
number of non-dominated solutions and CPU times in the two sets of
experiments will be presented in order to access the applicability and
potential advantages of the model;

• Specification of two alternative methods for selecting a final trade-off
solution considering either an interactive procedure or an automated
selection procedure.
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Concerning the assumptions underlying the application of the model,
we consider, as in previous studies in this area (namely [28]) that: the
optical networks are bi-directional, the communication spanning trees are
one-to-many directional; only single failures may occur at a given time;
wavelength conversion is applied so that feasible broadcast trees are not
limited by wavelength continuity constraints.

The contents of the paper are as follows. The next section presents the
notation and assumptions of the model and formulates the bi-criteria span-
ning tree problem. Section 3 describes the developed exact algorithm for
calculating the set of non-dominated solutions, after reviewing the main
steps of the algorithm in [7] and its mathematical foundations. Section 4
has three parts. This first part describes the experimental experiments re-
garding the application of the model to the calculation of VPNs built over
two reference transport networks: the US optical network (with 14 nodes)
and the Germany optical network (with 15 nodes) given in [3], according
to certain rules enabling to specify the virtual links and the associated
SRLGs, corresponding to optical links, and for random link occupancies.
The second part describes and discusses the results obtained with virtual
broadcast networks constructed over the US–NSF network topology consid-
ering various random distributions of the SRLGs assigned to the links and
given the link occupancies. Two alternative methods for selecting a first
solution will be given in the third part of this section by considering two
application scenarios. Finally the conclusions of this study will be drawn
in the last section.

2 Model Description

2.1 Notation and Assumptions

Let us consider an undirected network (N ,A) where N denotes the set
of n nodes and A the set of m edges, defining the logical (or virtual) net-
work topology. Each edge a ≡ {i, j} connecting the nodes i and j has an
associated bandwidth usage cost depending on the total capacity Ca of the
logical edge (or logical link), expressed in the total number of wavelengths
(λs) in the associated optical fibre link (s) and on the current number of
the available λs (i. e. non occupied λs) in the link a, ba.

Let R be a set that represents the risks associated with failure situations
in the physical (or transport) network that may affect the operational state
of the edges, for example a fibre cut or a card failure. Let us denote by

Ar the set of edges in A which can be affected by risk r ∈ R. Thence Ar

defines the SRLG associated with r. The set of risks which may affect edge
a is denoted by Ra and can be obtained straightforwardly from Ar (r =
1, 2, . . . , ‖R‖):

Ra = {r : a ∈ Ar} (1)

We assume that a complete SRLG information is given in the form of
{Ar}. This assumes that either an explicit or an implicit two-layer network
representation is given. In the former case the specification of the mapping
of physical links (and of the corresponding risks of failure or of failure of
the adjacent physical nodes) is given and enables the obtainment of {Ar}.
In the latter case an a priori knowledge of the {Ar} associated with the
edges of the logical network, is assumed.

Hereafter we will designate as logical network with SRLG information the
structure represented mathematically by (N ,A, C,R) where (N ,A) is the
logical network topology, C is the set of edge capacities Ca and R denotes
the set {Ra : a ∈ A}

It is further assumed that only single failures occurr at any given time and
that wavelength conversion is applied so that the availability of a certain
number of wavelengths in any logical link is not limited by wavelength
continuity constraints. In these conditions the bandwidth usage of an edge
may be simply expressed in terms of ba, the number of λs available in a.

2.2 Bicriteria Model

Now we will describe the bicriteria optimisation model proposed for cal-
culating broadcast trees, defined as spanning trees in the logical network
with SRLG information. A spanning tree Γ is specified by a loopless sub-
graph (N ,A′) of (N ,A) with A′ ⊆ A and the SRLGs associated with the
tree edges are defined straightforwardly by the corresponding risk set:

R(Γ) = {r ∈ R : ∃a∈A′ : a ∈ Ar} (2)

or
R(Γ) =

⋃
a∈A′

Ra (3)

The first objective function Z1 is expressed in the bandwidth usage of the
tree edges and the associated cost, coefficient ca, for each edge a is the in-
verse of the available bandwidth, ba, i. e. ca = 1/ba. This type of additive
metric has been used in multiple routing models in WDM networks and the
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minimisation of the corresponding objective function seeks a balanced traf-
fic distribution throughout the network, hence favouring the maximisation
of the total traffic carried and of the corresponding expected revenue:

Z1 = c(Γ) =
∑
a∈A′

ca =
∑
a∈A′

1

ba
(4)

The second objective function Z2 is the number of different SRLGs as-
sociated with the tree edges. Since there is a one to one correspondence
between risks and SRLGs (indeed each risk r specifies the index of the
SRLG Ar), the minimisation of the number of SRLGs tends to maximise
the tree reliability and it is exactly equivalent to the maximisation of the
tree reliability (i. e. the probability of none of its edges become inopera-
tional due to any risk/failure) if all the risks have equal probability and are
statistically independent.

Therefore the second objective function is:

Z2 = ‖R(Γ)‖ (5)

Let us denote by D the set of feasible spanning ‘light’ tree as the set of
spanning trees with at least one free wavelength in all its links:

D = {Γ = (N ,A′) : ba ≥ 1 ∀a ∈ A′} (6)

The bicriteria spanning tree optimisation problem P in (N ,A, C,R) is for-
mulated as

Problem P
min
Γ∈D

Z1 =
∑

a∈A′
c1a (P1)

min
Γ∈D

Z2 = ‖R(Γ)‖ (P2)

The existence of a one–to–one correspondence between risks and SRLGs
implies that the minimisation problem P2 is equivalent to a minimal label
spanning tree problem, by assigning a label to each risk. Therefore the
resolution of P is equivalent to the resolution of a minimal cost/ minimal
label spanning tree problem. The exact algorithm in [7] enables the reso-
lution of this problem in a network where each edge is associated with one
(and only one) label. Therefore and noting that each link of the light tree
may be associated with more than one SRLG, we developed an extension
if this algorithm for dealing with multiple labels per edge, as described in
the next section.

3 Resolution Algorithm

We need an algorithm to generate the set of non-dominated spanning
tree solutions of the formulated bicriteria problem P . The first objective
function is a classical additive cost function and the second one consists in
the minimisation of the number of different risks/SRLGs associated with
the spanning trees. Note that each arc can include several risks. As noted
above the implemented algorithm is an extension of the algorithm proposed
in [7]. Here we outline the theoretical justification as well as a short pre-
sentation of the algorithm.

The original algorithm in [7] considers just one risk/label associated with
each arc. In order to avoid to complicate the notation we start by outlin-
ing this case showing that the extension is straightforward . In fact it is
sufficient when considering an edge in the algorithm to consider all the
different risks associated with it an then follow a procedure similar to the
original one. Let us associate the risks rmij and a cost cij ≡ ca with each
edge a ≡ {i, j} of the undirected logical network with SRLG information
(N ,A, C,R) such that rmij is the mth element of Ra (eq. (1)). The cost
of a given spanning tree Γ is c(Γ) given by (eq. (4)), while l(Γ) = ‖R(Γ)‖
represents the number of distinct risks (or labels) of Γ. We look for span-
ning trees Γ that simultaneously minimise c(Γ) and l(Γ) in the set of the
feasible spanning trees of the network, D. However when the two objective
functions are conflicting there is no solution that minimises both functions
simultaneously. Optimality is substituted by the concept of non-dominance.
One solution is non-dominared if there is no other feasible solution which
improves one objective function without worsening the other. Given two
spanning trees Γ and Γ′ it is said that Γ dominates Γ′, or that Γ′ is dom-
inated by Γ (Γ d Γ′) if and only if c(Γ) ≤ c(Γ′) and l(Γ) ≤ l(Γ′) and at
least one of the inequalities is strict. Γ′ is said to be dominated if and only
if there is another spanning tree Γ such that (Γ d Γ′) .

Let c∗ and l∗ denote the minimal cost and the minimal number of risks
of any spanning tree, respectively. Let ĉ be the minimal cost of a spanning
tree with l∗ risks, which corresponds to the maximal cost associated with
a non-dominated spanning tree. Let l̂ be the minimal number of risks of a
spanning tree with cost c∗, which corresponds to the maximal number of
risks of a non-dominated spanning tree.

Let us recall a Lemma and a Proposition proved in [7], for the corre-
sponding bicriteria problem, with only one label per edge.
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Lemma 3.1 Let Γ, Γ′ be two spanning trees such that Γ′ = Γ−{{x, y}}+
{{x′, y′}} {x, y} being a leaving edge and {x′, y′} an entering edge. Then
l(Γ′) = l(Γ) or l(Γ′) = l(Γ)± 1.

Proposition 3.1 There is at least a non-dominated tree for any l such
that l ∈ [l∗, l̂], except for those l ∈ [l∗, l̂] for which there exists at least a
spanning tree with l2 < l1 dominating all spanning trees with l1 labels. In
this case the best of those spanning trees (with l2 labels) is (or are, in the
case of alternative optima) non-dominated.

From this proposition it is possible to propose a new approach to calculate
non-dominated spanning trees such that the number of risks k ∈ [l∗, l̂]. Of
course, it is enough to calculate the minimal cost spanning tree correspond-
ing to each k ∈ [l∗, l̂] and check whether some of the obtained solutions are
dominated among them. These solutions have to be eliminated.

We need to extend these results to the case where several risks rmi,j can be
associated with the edge {i, j}. Of course lemma 3.1 is no more valid. How-
ever proposition 3.1 can be reformulated in the form of the new proposition
3.2 and the Algorithm 2 presented next is valid.

Proposition 3.2 There is at least a non-dominated tree for any l such that
l ∈ [l∗, l̂], except for those l1 ∈ [l∗, l̂] for which there is no feasible spanning
tree or for those for which there exists at least a spanning tree with l2 < l1
dominating all spanning trees with l1 risks. In this case, the best of those
spanning trees (with l2 risks) is (or are, in the case of alternative optima)
non-dominated.

It is not very interesting to check systematically whether several span-
ning trees are alternative non-dominated solutions with the same cost and
number of risks, specially because the computational cost is high and the
added information is not very valuable in most of the cases. However it
is possible in practical applications to look for some of these solutions in
special interesting cases.

The Algorithm
If there is a non-dominated spanning tree with k risks, k ∈ [l∗, l̂], then

it must be a minimal cost spanning tree on some subnetwork of the orig-
inal network where the set of edges is restricted to have k distinct risks,
otherwise it would have the same number of risks and worse cost. In order

to find the non-dominated solutions for each number of risks all the com-
binations with k out of the L risks in the network are considered. Then
any algorithm for finding the minimal cost spanning tree can be applied
on the subnetwork of (N ,A) containing only the edges with those k risks,
as described below. Again this is an NP-hard problem itself, however for
a not very large number of distinct network risks, L, this procedure runs
with reasonable execution times, as we shall see in the next section.

In the following Algorithm 1, which has to be used by the main algorithm
(Algorithm 2) that calculates the non-dominated spanning trees, minimal
cost spanning trees have to be calculated. This can be achieved in poly-
nomial time using for instance the algorithms by Kruskal [17] or by Prim
[19]. In our implementation we used the Kruskal algorithm.

Algorithm 1: Algorithm to compute the minimum cost spanning tree
with at most k risks

1 BestCost ← +∞
2 for every subset B of {1, . . . , L} with k elements do
3 A′ ← subset of A with all the edges with risks in B
4 Γ← minimal cost spanning tree in (N ,A′)
5 if c(Γ) < BestCost and l(Γ) = k then
6 BestCost ← c(Γ)
7 BestT ← Γ

The hardness of the MLSTP (Minimum Label Spanning Tree Problem)
makes the value of l∗ to be unknown in advance, however, since it is easy
to obtain l̂, we propose the minimal cost spanning tree to be computed for
every number of risks combinations, starting from l̂. If for a given k no
spanning tree, with k or less risks, is found when all k risk subnetworks are
examined, this means the optimal value of l has been found, l∗ = k + 1,
and the procedure can be halted, as prescribed in Algorithm 2.

The required algorithm may now be formulated.

Let TND be a set that contains non-dominated spanning trees

It should be noticed that minimal cost spanning trees in a network with
L risks might not include all these risks. Then, in a case where there exists
an optimum of the cost in a network, for instance with six risks, using just
four risks we can avoid the search for trees with five risks. This enables a
potential simplification of the search as provided by the algorithm.
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Algorithm 2: Algorithm to compute non-dominated spanning trees
with minimal cost/minimal number of risks

1 Γ← minimal cost spanning tree
2 k ← l(Γ); TND ← ∅; continue ← True
3 while k ≥ 1 and continue do
4 Γ← Obtain a minimal cost spanning tree with at most k risks

using Alg. 1
5 If Γ is defined and is not dominated Then
6 TND ← TND ∪ { Γ}
7 Else If no spanning tree was found Then
8 continue ← False

9 k ← l(Γ)− 1

4 Experimental Study

In this section we describe the two sets of experiments on the application
of the bicriteria model and analyse their results.

4.1 Experiments with Tree-Based Overlay Networks

The first set of experiments involves the application of the model to ob-
tain bicriteria spanning trees on a logical network constructed as an overlay
network over two realistic transport networks described in the Report [3].
In these experiments the logical networks were obtained by considering that
the SRLGs assigned to the logical links reflect the underlying structure of
optical fibre links of the physical transport network and considering ran-
domly generated link occupations, using three statistical empirical distri-
butions. That is the assignment of SRLGs to the tree edges is deterministic
(defined according to the physical network structure) and the coefficients
ca = 1/ba of the bandwidth usage cost Z1 of the model are random. We
considered in these experiments only a subset of the transport network
nodes so as to simulate the calculation of VPNs encompassing those nodes.

The first experiments were performed taking as transport network the
US network based on a former NSF network topology (NSFNET – The
National Science Foundation Network, as described in [3]) which has been
used in many studies on routing models. This network has 14 nodes and 21
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Figure 1: NSF network [3].

optical links (see Fig. 1) and in our simulations of application of the model
the optical link capacities Ca, in terms of wavelengths, were equal to 160
(Ca = 160λ). The logical network, enabling the simulation of the model
application instances for constructing VPNs based on spanning trees, com-
prises as node set a subset of the transport network node set NT , obtained
by eliminating three nodes, denoted by UT, NE, GA in Fig. 1 i. e. in the
test examples N = NT \{UT,NE,GA}. This might correspond, for exam-
ple, to a VPN of a corporation with branches in all major cities excepting
those three nodes. The logical network edge set and the SRLG assignment
were defined according to the following rules: i) each optical link directly
interconnecting, in the transport network, two nodes of the logical network
defines an equivalent logical link the SRLG of which is the corresponding
optical link; ii) every pair of nodes in N the physical distance of which is
less than or equal to Dmax = 2500 km is connected by a logical link the
SRLGs of which are specified by the sequence of the physical links of the
corresponding shortest path (in terms of number of hops) defined in the
transport network.

In this manner the failure risks/SRLGs reflect, in the defined logical
network with SRLG information (N ,A, C,R), possible failure risks in the
transport network links. The resulting logical network has ‖N‖ = 11 and
‖A‖ = 26 and ‖R‖ = 21.

The available bandwidths ba in the edges of the logical network are ran-
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I0 I1 I2 I3
Distr. 1 25% 25% 25% 25%
Distr. 2 70% 15% 10% 5%
Distr. 3 18% 18% 18% 46%

Table 1: Empirical distributions.

domly generated in four sets of values Ii, ∪3
i=0Ii = {2, 4, . . . , 158} where it

is assumed that at least 2λs and at most 158λs are available:

Ii = {2 + 2k : k = 20i, . . . , 20(i+ 1)− 1} (i = 0, 1, 2)

I3 = {2 + 2k : k = 60, . . . , 78} (7)

Three empirical statistical distributions for specifying the percentage of
values of ba in each interval were considered as shown in table 1. The
first distribution corresponds to a network uniformly loaded, the second
distribution to a network heavily loaded and the third to a network lightly
loaded. For each distribution 10 diferent sets {ba} were randomly generated
and the corresponding instances of the bicriteria problem P were solved.

The results are shown in table 2 indicating for each solution, the type
of the solution, the value of the bandwidth usage cost Z1, the number
of SRLGs Z2 and the total CPU time for obtaining all solutions in each
instance of the problem.

A summary of the types of obtained solutions for the three distributions
is shown in table 3.

The results show that in these experiments the number of non-dominated
solutions is typically 2 or 3 excepting for distribution 1 a case in which
there are 80% of optimal solutions, that is feasible solutions which minimise
simultaneously Z1 and Z2. The fact that the number of non-dominated
solutions is low results from the manner in which the logical network was
constructed, reflecting very closely the topology of the physical network,
which tends to originate spanning trees at logical level which correspond,
in many cases, to spanning trees in the physical network. Noting that the
risks/SRLGs of each logical link correspond to one or more physical links
and that spanning trees in a graph have a fixed number of edges (equal to
n − 1 where n is the number of nodes), it can be concluded that there is
a very limited variation on the number of risks assigned to the spanning
trees of the logical network. This explains why the obtained solutions have
a number of SRLGs between 10 and 12 in all cases. In the particular case

Distribution 1 Distribution 2 Distribution 3
Type Cost # SRLG CPUt(s) Type Cost # SRLG CPUt(s) Type Cost # SRLG CPUt(s)
opt 422.0 10 1.115 n.d. 197.56 11 n.d. 439.03 11

n.d. 382.85 10 1.688 n.d. 444.68 10 1.680
opt 273.95 10 1.059 n.d. 170.53 12 n.d. 337.07 12

n.d. 171.71 11 n.d. 340.21 11
n.d. 197.08 10 2.284 n.d. 346.70 10 2.264

opt 455.16 10 1.062 n.d. 205.94 11 n.d. 482.80 11
n.d. 334.34 10 1.676 n.d. 489.48 10 1.692

opt 288.31 10 1.066 n.d. 169.99 12 n.d. 365.57 12
n.d. 172.04 11 n.d. 369.09 11
n.d. 201.18 10 2.283 n.d. 373.13 10 2.268

n.d. 294.14 11 n.d. 179.85 11 n.d. 337.30 12
n.d. 1227.40 10 1.682 n.d. 232.43 10 1.727 n.d. 342.46 11

n.d. 1275.72 10 2.258
opt 244.43 10 1.068 n.d. 158.68 11 n.d. 265.32 11

n.d. 188.17 10 1.698 n.d. 271.04 10 1.687
opt 233.59 10 1.061 n.d. 166.85 11 n.d. 337.48 11

n.d. 200.55 10 1.698 n.d. 342.38 10 1.685
opt 251.64 10 1.056 n.d. 164.70 11 n.d. 287.10 11

n.d. 188.92 10 1.695 n.d. 291.70 10 1.685
n.d. 310.93 11 n.d. 166.03 12 n.d. 338.51 12
n.d. 500.73 10 1.704 n.d. 168.65 11 n.d. 343.70 11

n.d. 187.39 10 2.312 n.d. 533.49 10 2.273
opt 226.07 10 1.091 n.d. 187.44 12 n.d. 268.55 11

n.d. 188.73 11 n.d. 276.92 10 1.762
n.d. 203.38 10 2.280

Table 2: Solutions for NSF based logical network (opt: optimal solution;
n.d.: non-dominated solution).

Optimal Sol. 2 Non-Dominated Sol. 3 Non-Dominated Sol.

Distr. 1 80% 20% –
Distr. 2 – 60% 40%
Distr. 3 – 60% 40%

Table 3: Percentage of optimal/non-dominated solutions for the NSF based
logical network.
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of distribution 1 (see table 2) the majority of the ideal optimal solutions
are feasible which can be further explained by a very low variability of
the total link bandwidth usage cost since here we are considering a uniform
distribution of available bandwidths. That is, for this distribution, it is very
likely that a minimal SRLG spanning tree (with 10 SRLGs) may correspond
to a minimal cost spanning tree.

In this type of application of the model the choice of a final solution
by the network designer is greatly facilitated by the limited number of
Pareto solutions. If there is no optimal solution then the practical option
is simply between a minimal SRLG tree (with l∗ associated risks, l∗ = 10
in these experiments) with higher cost and a tree with lower cost and l∗+1
associated risks.

As for the total CPU time it varies between 1.056s and 2.312s, with
an average value of 1.68s. These values are clearly compatible not only
with off-line applications but also with automated dynamic applications
– assuming that up-dates of the bandwidth accupations in the links are
periodically collected – with low up-dating periods.

The second experiment with the model was of similar type as the one
described above but now considering as physical network the reference hy-
pothetical German backbone network described in [3] also used for example
in [16].

This network, depicted in figure 2 has 17 nodes and 26 optical links and
3.0582 average node degree. The logical network, used for constructing
VPNs, was obtained by considering a subset of the set NT of nodes of
the transport network, N = NT \ {HB,B,Do, F, S}, i. e. ‖N‖ = 12. The
logical links were defined using the same rules as in the previous experiment
but now considering a maximal distance Dmax = 280 km for the logical
links so as to reflect a smaller distance scale. The assignment of SRLGs to
the logical links uses the same rules hence reflecting the failure risks in the
underlying transport network links.

The experiment also considered random bandwidth occupations in the
links obtained with the same empirical statistical distributions as in table
1, for the same capacity Ca = 160λ.

The results are shown in table 4 for distributions 1, 2 and 3 and were ob-
tained for 10 instances of the problem P, for each distribution. A summary
of the types of solutions obtained for the three distributions is in table 5.

The number of non-dominated solutions varies between 2 and 3 excepting
in the case of distribution 1 where there was 50% of the instances with
feasible optimal solutions and distribution 2 where there was one instance
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Figure 2: Germany reference network[3].

Distribution 1 Distribution 2 Distribution 3
Type Cost # SRLG CPUt(s) Type Cost # SRLG CPUt(s) Type Cost # SRLG CPUt(s)

opt 241.60 13 0.021 n.d. 221.85 14 n.d. 448.50 14
n.d. 230.07 13 0.010 n.d. 543.23 13 0.013

n.d. 354.72 14 n.d. 248.32 14 n.d. 689.65 14
n.d. 401.61 13 0.027 n.d. 256.74 13 0.013 n.d. 915.28 13 0.012
opt 227.34 13 0.012 n.d. 213.64 14 n.d. 341.71 14

n.d. 224.81 13 0.012 n.d. 437.46 13 0.011
opt 199.41 13 0.012 n.d. 214.98 14 n.d. 362.68 15

n.d. 227.83 13 0.013 n.d. 600.77 14
n.d. 1692.96 13 0.012

n.d. 350.89 14 n.d. 228.81 14 n.d. 593.42 15
n.d. 431.59 13 0.013 n.d. 236.58 13 0.012 n.d. 674.12 14

n.d. 1000.05 13 0.012
n.d. 260.74 14 opt 225.61 13 0.012 n.d. 458.45 15
n.d. 277.87 13 0.013 n.d. 506.24 14

n.d. 584.13 13 0.012
n.d. 336.65 14 n.d. 244.31 14 n.d. 612.77 14
n.d. 472.65 13 0.012 n.d. 245.87 13 0.013 n.d. 931.08 13 0.012
opt 270.25 13 0.011 n.d. 231.67 14 n.d. 421.73 14

n.d. 237.30 13 0.013 n.d. 445.89 13 0.014
opt 229.33 13 0.010 n.d. 220.14 15 n.d. 315.35 14

n.d. 226.15 14 n.d. 508.81 13 0.013
n.d. 234.68 13 0.013

n.d. 325.81 14 n.d. 249.94 15 n.d. 544.65 15
n.d. 339.11 13 0.013 n.d. 251.32 14 n.d. 557.95 14

n.d. 253.86 13 0.012 n.d. 594.72 13 0.012

Table 4: Solutions for the Germany based logical network.
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Optimal Sol. 2 Non-Dominated Sol. 3 Non-Dominated Sol.

Distr. 1 50% 50% –
Distr. 2 10% 70% 20%
Distr. 3 – 60% 40%

Table 5: Percentage of optimal/non-dominated solutions for Germany net-
work.

(10%) also with feasible optimal solution.
The results for these experiments follow broadly the same patterns as in

the experiments based in the US network. The variability in the number of
non-dominated solutions is higher than in the former experiments but it is
still relatively limited, although there are less optimal solutions. The expla-
nation for this type of results is basically the same, resulting, as previously
explained, from the way in which the logical network was constructed so
that many spanning trees in the logical network correspond to the spanning
trees in the physical network, hence limiting the variability in the number
of risks associated with logical trees.

As for the CPU times, they vary between 0.01s and 0.027s and are still
lower than in the previous experiments. This has to do mainly with the
lower connectivity of the German reference transport network (0.191) as
compared with the US reference transport network (0.2307), leading to
lower number of candidate solutions to the problem. This is highly compat-
ible with dynamic application environments with relatively short up-dating
periods.

Concerning the choice of a final solution, the same type of option applies
in these experiments as in the former ones. The choice, when the optimal
solution is unfeasible, is again between the minimal SRLG spanning tree
(with l∗ = 13 associated risks in these experiments) and a tree with l∗ + 1
associated risks and higher bandwidth usage cost.

4.2 Experiments with Random SRLGs

In the second set of experiments we considered virtual networks with
the topology of the reference 14-node US NFS network, included in [3]
and also used in many resilient routing studies on optical networks. In
these experiments the SRLGs assigned to the links of the logical network
are randomly generated, considering different distributions of the SRLGS,
defined in terms of the total number of SRLGs L = ‖R‖ and the mean

number of SRLGs per link, α, similarly to the experimental study in [28]
on reliable broadcast trees with the difference that a random set of the
available bandwidths {ba : 2 ≤ ba < ca,∀a ∈ A} is considered for each
of the three distributions specified in table 1 leading to random values of
the coefficients of the objective function Z1 (bandwidth usage cost). The
SRLGs are assigned to the links according to uniform distributions with
parameters L, α and 10 sets of SRLG assignments were randomly calculated
for each specification of (L,α), with L ∈ {15, 20, 25} and α ∈ {4, 6, 8, 10}.

The minimal, average and maximal number of non-dominated solutions
obtained for each distribution of the available bandwidth and each value
L, in terms of α, are depicted in figure 3. The percentages of cases with
minimal, average and maximal number of non-dominated solutions for each
of the sub-sets of experiments in figure 3, are shown in figure 4.

For fixed L = 15 SRLGs the number of non-dominated solutions varies
from one (feasible optimal solution) to 4, for α = 4, for the three distri-
butions and is minimal for α = 10 in all cases. Note that for α = 10 the
average number of SRLGs per link is 2/3 of the total number of SRLGs, so
that it is likely that a relatively large number of spanning trees are minimal
SRLG trees so that is very likely that at least one of them is also a minimal
cost tree. Therefore for L = 15 the percentage of optimal solutions tends
to increase with α and is maximal for α = 10.

For L = 20 SRLGs the number of non-dominated solutions has a wider
range of variation from 1 (feasible solution) to 5 and the percentage of
cases with non-optimal solutions increases with respect to the experiments
for L = 15. This results from the fact that α/L, fraction of the SRLGs
assigned in average to each link, is lower than for L = 15 so that the
likelihood of some maximally reliable tree being also a minimal cost tree
decreases. In many cases the maximal, average and minimal number of
non-dominated solutions tends to decrease as α increases, in most cases.

For L = 25 SRLGs the number of non-dominated solutions has an even
wider range of variation, from 1 to 7. This may be explained by the decrease
in the ratio α/L as compared with the previous sets of experiments. The
total percentage of cases with non-optimal solutions is also larger than in
the previous experiments, for similar reasons.

Considering all these experiments it can be said that the most important
factors conditioning the number of non-dominated solutions of the problem
instances are the parameters L and α, specifying the SRLG distribution
rather than the distribution of the available bandwidths. Nevertheless the
uniform distribution of available bandwidth will favour, statistically, the
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Figure 1: Number of non-dominated solutions in Zhu & Jue’s network

1

Figure 3: Number of non-dominated solutions for random SRLG assign-
ment.
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Figure 4: Percentage of non-dominated solutions for random SRLG assign-
ment.
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occurrence of feasible optimal solutions.
Globally one can conclude that the consideration of a bicriteria formu-

lation of the spanning tree problem is clearly justified since in most cases
there is more than one non-dominated solution, so that eventual trade-offs
between the two objective functions can be systematically analysed.

The minimal, average and maximal CPU times obtained for the previ-
ously mentioned distributions of SRLGs and different traces of available
bandwidths are shown in figure 5. The CPU times for L = 15 SRLGs are
omitted since the maximal values were always less than 0.02 s (20 ms) and
can be disregarded in comparison with the results obtained for L = 20 and
L = 25. The CPU times for L = 20 are at most 0.2 s (for α = 4) and
are less than 20 ms in the other cases, for all distributions of the available
bandwidths and tend to decrease as α increases. For L = 25 the CPU times
are in the worst case (α = 4) equal to 11 s and fall rapidly as α increases.

The observed pattern of variation of the CPU times is tendentially con-
gruent with the variation of the number of calculated non-dominated so-
lutions, which might be expected taking into account the features of the
proposed exact resolution algorithm.

4.3 Solution Selection Methods

In our view the method to be used for choosing a solution in the set TND

of non-dominated solutions calculated by the algorithm will have to take
into account two essential features of the decision environment,

The first aspect to be taken into account is the network loading status.
If the network is lightly loaded or in nominal loading conditions, for which
it was designed, then the reliability metric, corresponding to the number of
different SRLGs should be given priority. In these situations the network
designer might choose either the minimal SRLG tree Γ∗ with l∗ SRLGs and
bandwidth cost ĉ (the minimal cost of the minimal SRLG spanning trees,
considering the possibility of multiple optimal solutions to min Z2) or, as
a second alternative, the spanning tree Γ2 with l2 = ‖R(Γ2)‖ immediatly
greater than l∗ if he/she thinks the bandwidth cost reduction ∆c = c(Γ∗)−
c(Γ2) is sufficient to justify the penalty in terms of the increase in the
number of associated risks, ∆l = l2− l∗, usually equal to 1 in most practical
instances of the problem. Examples of this type of situation were shown
in section 4.1. Note that the identification of Γ2 is immediate since the
algorithm enables the ranking of non-dominated solutions by increasing
value of l. The choice of the solution in this case could be made directly

Solution # SRLG Cost

1 19 37.3147539
2 20 33.4999920
3 22 23.6239913
4 22 21.5047192
5 23 12.9536472
6 24 10.8825739
7 25 10.6062758

L∗ = 19
Lreq = 22

Lacc = L̂ = 25

c∗ = 10.6062758
creq = 23.96051485
cacc = ĉ = 37.3147539

Table 1: Objective values and preference thresholds for the instance in Figure 7.(a)
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Figure 2: CPU times in Zhu & Jue’s network
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Solution # SRLG Cost

1 19 37.3147539
2 20 33.4999920
3 22 23.6239913
4 22 21.5047192
5 23 12.9536472
6 24 10.8825739
7 25 10.6062758

L∗ = 19
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Lacc = L̂ = 25
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Figure 2: CPU times in Zhu & Jue’s network
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Figure 6: Non-dominated solutions for selected problems with random
SRLG assignment.

by the network designer by looking at the table with the solution features
or in an automated manner by setting a threshold value for ∆c/c(Γ

∗) , for
considering the alternative solution Γ2.

This procedure selection method might correspond to an interactive deci-
sion procedure involving a simple interaction between the network designer
and the computational algorithm, compatible with an off-line application
of the model.

To illustrate this issue of solution selection, examples of solution sets TND

for three instances of the problem in experiments with random SRLGs (sec-
tion 4.2), represented in the objective function space, are shown in figure 6.
The table 6 shows the objective function values of the solutions for the case
of figure 6(a). In this case Γ∗ corresponds to the point 1 and Γ2 to the point
2 in the figure. Note that in the example in figure 6(a) one can identity
supported non-dominated solutions (i. e. solutions located on the bound-
ary of the convex hull of the feasible solution set) and two unsupported
non-dominated solutions, corresponding to the points 4, 2 (solutions lo-
cated in the interior of that hull). This illustrates that the algorithm, being
exact, enables the finding of unsupported non-dominated solutions when-
ever they exist. Further note that in this decision scenario, one could stop
the algorithm execution after obtaining Γ∗ and Γ2, which would substan-
tially reduce the computational execution time. This might be important
in applications to networks of great dimension and great connectivity where
execution times may become a relevant factor concerning the evaluation of
the efficiency of the developed approach.

Solution Cost # SRLG

1 37.3147539 19
2 33.4999920 20
3 23.6239913 22
4 21.5047192 22
5 12.9536472 23
6 10.8825739 24
7 10.6062758 25

l∗ = 19
lreq = 22

lacc = l̂ = 25

c∗ = 10.6062758
creq = 23.96051485
cacc = ĉ = 37.3147539

Table 6: Objective function values and preference thresholds for the in-
stance in Figure 6(a).

A second decision scenario might occur in networks heavily loaded, situ-
ations in which the establishment of spanning tree based overlay networks
(on a semi-permanent base) corresponds to a significant occupation of the
transmission resources which represents a limitation of the traffic carrying
capability of the network, namely concerning future optical connection re-
quests (point to point light paths or multicast connections). In this type of
decision scenario the bandwidth usage may be considered an objective to be
taken with priority similar to the one associated with the number of failure
risks. In this case we could consider an interactive decision procedure or a
fully automated procedure for final solution selection.

The automated selection procedure could be in this case, an adaptation
of the selection method for non-dominated light paths in WDM networks
proposed in [13] which is based on the reference point based approach in
[8]. The method combines the use of preference thresholds for the objective
functions, defining priority regions in the objective functions space, with a
Chebyshev distance to reference points.

Taking into account the discrete nature of function Z2, the preference
thresholds corresponding to required (with index req) and acceptable (with
index acc) levels for the number of SRLGs and the bandwidth usage cost,
are given by:


lreq =

⌊
l∗+l̂

2

⌋
lacc = l̂


creq = c∗+ĉ

2

cacc = ĉ

(8)
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where bxc denotes the integer part of x and:

l∗ = minZ2 = ‖R(Γ∗)‖ (9)

c∗ = minZ1 = c(Γ′)

ĉ = min c(Γ∗), ∀ Γ∗ : l(Γ∗) = l∗

l̂ = min l(Γ′), ∀ Γ′ : c(Γ′) = c∗

In this manner we define priority regions in the objective functions’ space
according to figure 7. Region A is the first priority region where the re-
quested values for the two functions are satisfied simultaneously. In the
second priority regions B1 and B2, only one of the requested value is guar-
anteed while the acceptable value for the other metric is also satisfied.
A further preference order between these regions is introduced by giving
preference to solutions with less SRLGs, that is solutions in B1 are given
preference over solutions in B2.

As for the selection of a solution when there is more than one non-
dominated solution in a higher priority region S we would use a reference
point type approach and consider that the ‘form’ of the region where solu-

tions are located reflects the user’s preferences. This leads to a reference
point based procedure as proposed in [8], by considering as reference point
the ‘left bottom corner’ of region S which coincides with the optimal ideal
solution corresponding to point O∗, if S = A.

In general, reference type approaches minimise the distance of the solu-
tion images in the objective function space to a specific point, by recurring
to a scalarizing function. In this context we would use a weighted Cheby-
shev metric proportional to the size of the ‘rectangle’ S ∈ {A,B1, B2}.
Therefore the procedure would choose the solution:

Γf = arg min
Γ∈Sc

N

max
i=1,2
{wi|Zi(Γ)− Zi|} (10)

where Sc
N is the set of non-dominated solutions which correspond to the

points in S, Z1(Γ) ≡ c(Γ), Z2(Γ) ≡ l(Γ) and (Z1, Z2) is the considered
reference point, the left bottom corner of S. The weights wi are calculated
in order to obtain a metric with dimensional free values:

wi =
1

Mi −mi
(11)

where mi = Zi and (M1,M2) is the right top corner of S.
In the illustrative example of figure 7 the reference point for A correponds

to the ideal optimal solution O∗ = (c∗, l∗), for region B1 is (creq, l
∗) and for

region B2 is (c∗, lreq). Applying this method, in this case, (see threshold
values in table 6) the selected solution would be solution 3.

In this instance of the problem if now we considered a ‘standard’ situ-
ation of not heavily loaded network, according to the proposed criterion
one would select either Γ∗ corresponding to solution 1 (minimal SRLG tree
with l∗ = 19 or Γ2 corresponding to solution 2, with l2 = 20 if the relative
cost decrease ∆c/c(Γ

∗) equal to 10.2% was considered by the network de-
signer to justify the ‘penalty’ of increasing by one the number of associated
risks/SRLGs.

The proposed model could also be used in the context of a tree-based
routing architectures such as the Viking architecture [21] intended for
Ethernet metropolitan areas and cluster networks, with built-in rerout-
ing mechanisms for failure protection. In this case or in similar application
contexts, all the spanning tree solutions would be kept in memory and, in
the event of a failure (corresponding to risk r′) in a link of the selected
solution Γ′ the routing mechanism would seek for a backup spanning tree.
This spanning tree, Γ′′, to be chosen among the set TND of non-dominated
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solutions should not include the faulty element corresponding to r′ and
have maximal reliability, i. e.:

Γ′′ = arg min
Γ∈TND:r′ /∈R(Γ)

‖R(Γ)‖ (12)

5 Conclusions

We have proposed a bicriteria model for obtaining spanning trees con-
structed over optical WDM networks with SRLG information, seeking the
minimisation of the number of different SRLGs and the minimisation of the
total bandwidth usage cost of all the tree links. The first objective seeks
the maximisation of the tree reliability while the second objective seeks
the selected links to be the least loaded thence increasing the global traffic
carrying capability.

An exact algorithm was developed for solving the bicreteria model,
based on an extension of the algorithm proposed in [7] for the minimal
cost/minimal label spanning tree problem by considering multiple labels
per link.

Two sets of application experiments with the proposed model were pre-
sented. In the first set of experiments the model was applied to obtain bi-
criteria spanning trees on a virtual network, for obtaining tree-based VPNs
constructed as overlay networks over two realistic transport reference net-
works, used in earlier routing studies on WDM networks. In these experi-
ments the SRLG assignment reflects the structure of the underlying optical
network and the link bandwidth occupancies were randomly generated so
as to reflect possible resource occupation states. In these experiments the
number of non-dominated solutions was relatively low and there were vari-
ous cases for which ideal optimal solutions were feasible. These features of
these experimental result from the manner in which the logical network was
constructed so as to reflect the structure of the underlying optical network,
in which spanning trees, that by definition have a fixed number of links, to
which the failure risks were assigned, may also be minimal cost solutions
in some cases.

In the second set of experiments we considered virtual networks with the
topology of a 14–node reference network, used in many studies on resilient
routing models. The SRLG assigned to the logical links were randomly
generated considering different distributions specified in terms of maximal
number of SRLGs and average number of SRLGs per link. In these ex-
periments the bandwidth occupations were fixed traces of the considered

empirical link state distributions and the number of non-dominated solu-
tions substantially increased with respect to the first set of experiments,
depending on the parameters of the SRLG distributions.

Globally we may conclude that the consideration of a bicriteria formula-
tion of the spanning tree construction problem is potentially advantageous
since in a large number of cases there is more than one non-dominated
solution so that trade-offs between the two objective functions can be sys-
tematically analysed. Further note that the developed exact algorithm by
providing an exact solution to the minimal SRLG spanning tree problem,
always supplies as one of the possible solutions the optimal solution to the
cardinality version of the ”most reliable collective communication prob-
lem” previously formulated in [28], assuming that all SRLGs have the same
failure probability.

Concerning computational requirements the algorithm enabled the cal-
culation of all non-dominated solutions in the experiments with random
SRLG assignment with CPU times varying from a small fraction of a sec-
ond to less than a dozen seconds in the worst cases. This shows that for
these types of networks the model may be readily used not only in off-line
applications but also in dynamic applications, assuming that updates of
the link wavelength occupations are periodically collected, even with low
updating periods.

Finally we have discussed and proposed different methods, either inter-
active or fully automated, for selecting an efficient solution, taking into
account essential features of the network designer decision environment.
The proposed selection methods, having in mind the efficiency of the reso-
lution algorithm and the features of the methods, put in evidence the great
flexibility in the application of the model. In fact even in the method for
automated selection of a final solution, the network designer may always
adjust the level of priority given to reliability ‘versus’ bandwidth usage
cost, by adjusting the specification of the required and/or acceptable levels
of these metrics, by point-wise alterations in the corresponding formulae.
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