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Introduction and motivation

Routing problems in communication networks involve the selection of a sequence of network resources (designated as paths or routes) that will satisfy a set of constraints, such as the minimum required bandwidth1 and the maximum allowed delay, while seeking simultaneously the optimization of some objective functions (o.f.), such as the minimization of the number of links in a connection or the minimization of the cost of accepting a call2 . The chosen route related metrics depend on the service features associated with the calls which are being routed from origin to destination and allow for a measure and quantification of the performance of different routing decisions. Note that some of the typical objectives in routing models have a conflicting nature and are interdependent. For example the objective of maximizing the total revenue associated with all traffic flows carried in the network (for a given routing solution for every node-to-node traffic flow) may conflict with the objective of minimizing the blocking probability of some traffic flows. The term traffic flow will designate in this context, a sequence of node-to-node connection requests, of a certain service type, with certain requirements.

In modern multiservice networks, the performance requirements are multi-dimensional, complex and sometimes contradictory, making the routing calculation and optimization problems very challenging. A fundamental challenge is to increase the efficiency of resource utilization while minimizing the possibility of congestion, see [START_REF] Awduche | Overview and Principles of Internet Traffic Engineering[END_REF]. As these networks have to function in the presence of different classes of traffic with different service requirements, multiple and heterogeneous QoS (Quality of Service) routing requirements have to be taken into account. Therefore, the routing models designed to calculate and select one (or more) sequences of network resources (routes) have to satisfy certain QoS constraints and seek the optimization of route related objectives. The formulation of important routing problems in these types of networks as multiple objective optimization problems is potentially advantageous, as these multiple objective formulations allow the trade-offs among distinct performance metrics and other network cost function(s) (potentially conflicting) to be pursued in a consistent manner. It must be stressed that in multiobjective optimization problems, see [START_REF] Steuer | Multiple Criteria Optimization: Theory, Computation and Application[END_REF], the concept of optimal solutions (usually unfeasible) is replaced by the concept of non-dominated (or Pareto optimal) solutions. A non-dominated solution is a feasible solution such that, in minimization problems, it is not possible to decrease the value of an o.f. without increasing on, at least, the value of one of the other o.f. QoS issues have become increasingly relevant in the new technological platforms of multiservice networks, triggering an interest in the application of multicriteria approaches to routing models in communication networks (see [START_REF] Wierzbicki | A Conceptual Framework for Multiple-Criteria Routing in QoS IP Networks[END_REF], [START_REF] Wierzbicki | Telecommunications, Multiple Criteria Analysis and Knowledge Theory[END_REF] and reviews in [START_REF] Clímaco | Multicriteria Analysis in Telecommunication Network Planning and Design -Problems and Issues[END_REF], [START_REF] Clímaco | Multicriteria Routing Models in Telecommunication Networks -Overview and a Case Study[END_REF], where some recent research papers on multiobjective routing models in multiservice networks are cited). In particular, a significant number of multicriteria routing models has been proposed in the context of the emergent MPLS (Multiprotocol Label Switching) Internet networks (see [START_REF] Clímaco | Multicriteria Routing Models in Telecommunication Networks -Overview and a Case Study[END_REF]), motivated by its advanced routing capabilities, see [START_REF] Awduche | Overview and Principles of Internet Traffic Engineering[END_REF], namely the possibility of implementing QoS routing methods, see [START_REF] Kuipers | An Overview of Constraint-Based Path Selection Algorithms for QoS Routing[END_REF].

Some key methodological and modeling issues associated with route calculation and selection in MPLS networks and a meta-model for hierarchical multiobjective networkwide routing optimization in MPLS networks have been presented by the authors in [START_REF] Craveirinha | A Meta-Model for Multiobjective Routing in MPLS Networks[END_REF]. This routing model may be applied to core or metro-core networks with a limited number of nodes.

In this optimization approach, two classes of traffic flows are considered, QoS and BE (Best Effort). QoS flows are regarded as first priority flows and, when accepted by the network, have a guaranteed QoS level, related to the required bandwidth. As for BE flows, they are considered in the model as second priority flows, and are routed with the best possible quality of service but not at the cost of deteriorating the QoS of the QoS traffic flows. Therefore, the different traffic flows are treated according to their specific features.

The traffic flows in the network are represented through an approximate stochastic model, based on the use of the concept of effective bandwidth 3 for macro-flows and on a generalized Erlang model for estimating the blocking probabilities in the arcs, as in the model used in [START_REF] Mitra | Optimization and Design of Network Routing Using Refined Asymptotic Approximations[END_REF], [START_REF] Martins | A New Multiobjective Dynamic Routing Method for Multiservice Networks: Modelling and Performance[END_REF]. In this hierarchical model, described in detail in [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF], the first priority o.f. concern network level objectives of QoS flows and the second priority o.f. are related to performance metrics for the different types of QoS services and a network level objective for the BE traffic flows.

The theoretical foundations of a specialized heuristic strategy for finding "good" compromise solutions to the very complex bi-level routing optimization problem, were presented in [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF]. In Girão-Silva et al. (2009b), a heuristic approach (HMOR-S2 or Hierarchical Multiobjective Routing considering 2 classes of Service) devised to find "better" solutions (in the sense of multiobjective optimization) to this hierarchical multiobjective routing optimization problem, was proposed and applied to a test network used in a benchmarking case study, for various traffic matrices. In Girão-Silva et al. (2009a), sensitivity tests applied to the specialized heuristic were described. These sensitivity tests have shown that the heuristic is balanced in the treatment of the different o.f. However, they have also shown that in some rare cases there was the potential for some improvement(s) in the first level o.f., that is, the heuristic was not capable of finding a solution that slightly dominates the current solution. Therefore, new approaches have been devised to seek "better" solutions to the routing problem under analysis (see Girão-Silva et al. (2009a)).

This work presents a new resolution procedure for this model based on the introduction of a Pareto archive in the basic heuristic. Also computational experiments using an analytical model and stochastic discrete-event simulation will be presented, in order to evaluate the performance of the proposed heuristic in a benchmarking case study. This strategy is inspired in one of the standard procedures used in Pareto archived evolutionary meta-heuristics (see [START_REF] Knowles | Advanced Multi-Objective Evolutionary Algorithms Applied to Two Problems in Telecommunications[END_REF]). It should be stressed that this application of the idea of a Pareto archive is different in substance (regarding the form of managing the archive and the form of selecting the final solution in the archive) and context from the application of this idea in [START_REF] Knowles | Advanced Multi-Objective Evolutionary Algorithms Applied to Two Problems in Telecommunications[END_REF]. Having in mind the specific nature of the 3 As defined in [START_REF] Awduche | Overview and Principles of Internet Traffic Engineering[END_REF], the effective bandwidth is the minimum amount of bandwidth that can be assigned to a flow or traffic aggregate in order to deliver 'acceptable service quality' to the flow or traffic aggregate and it is a simplifying concept that may be used to approximate nodal behavior at the packet level and simplify the analysis at the connection level. This concept was developed in [START_REF] Kelly | Notes on Effective Bandwidths[END_REF] and its use in the present context (MPLS networks with explicit routes) was earlier considered by [START_REF] Mitra | Optimization and Design of Network Routing Using Refined Asymptotic Approximations[END_REF] and [START_REF] Martins | A New Multiobjective Dynamic Routing Method for Multiservice Networks: Modelling and Performance[END_REF]. addressed problem, the use of a Pareto archive was adapted to a specialized dedicated heuristic which is not an evolutionary algorithm or in any way similar. This procedure aims at finding even "better" solutions to the above hierarchical multiobjective routing optimization problem, by incorporating an archive of non-dominated solutions obtained throughout the execution of the previously developed heuristic resolution approach. The addition and removal of solutions from the archive follow a certain set of rules, which rely on a specific model of the system of preferences, to be implemented in an automated manner. This system of preferences relies on the definition of aspiration and reservation thresholds for the two network level objectives of QoS type flows, which leads to the definition of preference regions in the o.f. space and allows a comparison of all the calculated non-dominated solutions. Note that this technique is used as an auxiliary procedure, while the basic mechanisms of the dedicated heuristic are maintained. At the end of the algorithm, all the solutions in this archive are scrutinized and the "best" possible solution in the best possible preference region is chosen to be the actual solution to the routing problem, using a reference point-based procedure (see [START_REF] Wierzbicki | Reference Point Methods in Vector Optimization and Decision Support[END_REF][START_REF] Wierzbicki | Reference Point Approaches and Objective Ranking[END_REF]) as the solution selection mechanism. Overall, the experimental results in two test networks in various load conditions will reveal that this new procedure enabled, in various situations, that improved solutions may be obtained, by comparison with the previous basic heuristic. In fact, the application of the developed procedure to the test networks used in benchmarking case studies will show, by using analytic and discrete-event simulation models that, in certain initial conditions, this approach provides improvements in the final results, concerning the top level objective functions, especially in more 'difficult' situations detected through sensitivity analysis.

The paper is organized as follows. The two-level hierarchical multiobjective alternative routing model with two service classes is reviewed in section 2, together with the basis of the dedicated heuristic. In the third section, the features of the variant of the basic heuristic, in particular an archive of non-dominated solutions, are presented. The results obtained with this procedure, by using analytic results and discrete-event simulations, for two test networks used in benchmarking studies, considering three load scenarios, are revealed in the fourth section. Conclusions are drawn and future work is outlined in the last section. The paper ends with an appendix on the formalization of the heuristic and another appendix with the specification of the notation used in the model.

Review of the multiobjective routing model

The multiobjective routing model

The considered model is an application of the multiobjective modeling framework (or "meta-model") for MPLS networks proposed in [START_REF] Craveirinha | A Meta-Model for Multiobjective Routing in MPLS Networks[END_REF], as previously mentioned. Two classes of services are considered, QoS and BE. The different service types of each class are represented by the sets S Q (for QoS service types) and S B (for BE service types). The traffic flows of each service type s ∈ S Q or s ∈ S B may differ in important attributes, in particular the required bandwidth.

In the model the network is represented through a capacitated directed graph, where a capacity C k is assigned to every arc (or 'link') l k , and the traffic flows are represented in a stochastic form, as shown in [START_REF] Craveirinha | A Meta-Model for Multiobjective Routing in MPLS Networks[END_REF]. A traffic flow is specified by f s = (v i , v j , γ s , η s ) for s ∈ S = S Q ∪ S B and a stochastic process is assigned to it, that is in general, a marked point process. The process describes the arrivals and basic Engineering Optimization 5 requirements of micro-flows4 , originated at the MPLS ingress node v i and destined for the MPLS egress node v j , using some LSP (Label Switched Path). The other features of the traffic flow are characterized by the vectors of traffic engineering attributes of flows of service type s, γ s , and by the vectors containing the description of mechanism(s) of admission control to all arcs l k in the network by calls of flow f s , η s , which include, in general, traffic engineering attributes associated with f s calls and all the links which may be used by f s , including priority features. In particular these attributes include information on the required effective bandwidth d s and the mean duration h(f s ) of each µ-flow in f s .

The hierarchical multiobjective routing optimization model considered here has two levels with several o.f. in each level. The first level includes the first priority o.f. (the total expected network revenue associated with QoS traffic flows, W Q , and the worst average performance among QoS services, represented by the maximal average blocking probability among all QoS service types, B M m|Q ), which are formulated at the network level for the QoS traffic. In the second level the o.f. are concerned with average performance metrics of the QoS traffic flows associated with the different types of QoS services (represented by the mean blocking probabilities for flows of type s ∈ S Q , B ms|Q , and the maximal blocking probability B M s|Q , defined over all flows of type s ∈ S Q ) as well as the total expected network revenue associated with BE traffic flows, W B . These constitute the second priority o.f. At the two levels of optimization, 'fairness' objectives are explicitly considered in the form of min-max objectives: min R {B M m|Q } at the first level, and min R {B M s|Q }, ∀s ∈ S Q at the second level.

Hence the considered two-level hierarchical optimization problem for two service classes P-M2-S2 ('Problem -Multiobjective with 2 optimization hierarchical levels -with 2 Service classes') is: Note that in the formulation of P-M2-S2 while W Q is a first priority o.f. (together with B M m|Q ), W B will be a second level o.f. This guarantees that the routing of BE traffic, in a quasi-stationary situation, will not be made at the cost of the decrease in revenue or at the expense of an increase in the maximal blocking probability of QoS traffic flows.

Problem P-M2-S2 1 st level QoS: Network obj. min R {-W Q } min R {B M m|Q } 2 nd level        QoS: Service obj. min R {B ms|Q } min R {B M s|Q } ∀s ∈ S Q BE: Network obj. min R {-W B } subject to equations of the underlying traffic model with W Q(B) = s∈SQ(B) A c s w s B M m|Q = max s∈SQ {B ms } B ms|Q = 1 A o s fs∈Fs A(f s )B(f s ) B M s|Q = max fs∈Fs {B(f s )}
A description of the traffic modeling approach used in the routing model can be seen in [START_REF] Craveirinha | A Meta-Model for Multiobjective Routing in MPLS Networks[END_REF]. The basic teletraffic model allows for the blocking probabilities B ks , for micro-flows of service type s in link l k , to be given in the form B ks = B s d k , ρ k , C k where B s represents the basic function (implicit in the teletraffic analytical model) that expresses the marginal blocking probabilities, B ks , in terms of d k = (d k1 , • • • , d k|S| ) (vector of equivalent effective bandwidths d ks for all service types), ρ k = ρ k1 , • • • , ρ k|S| (vector of reduced traffic loads ρ ks offered by flows of type s to l k ) and the link capacity C k . This type of approximation (see [START_REF] Mitra | Optimization and Design of Network Routing Using Refined Asymptotic Approximations[END_REF], [START_REF] Martins | A New Multiobjective Dynamic Routing Method for Multiservice Networks: Modelling and Performance[END_REF]) enables the calculation of {B ks } through efficient and robust numerical algorithms, which are essential in a network-wide routing optimization model of this type, for tractability reasons.

The decision variables R = ∪ |S| s=1 R(s) represent the network routing plans, that is, the set of all the feasible routes (i.e. node to node loopless paths) for all traffic flows, with

R(s) = ∪ fs∈Fs R(f s ), s ∈ S Q ∪ S B and R(f s ) = (r p (f s )), p = 1, • • • , M with M = 2 in this model.
An alternative routing principle is used: for each flow f s the first choice route r 1 (f s ) will be used; if it is blocked the routing method makes the connection request attempt the second choice route r 2 (f s ). A request will be blocked only if r 2 (f s ) is also blocked.

This routing optimization approach is of network-wide5 type, as discussed in [START_REF] Craveirinha | A Meta-Model for Multiobjective Routing in MPLS Networks[END_REF], and it enables a full representation of the relations between the o.f., taking into account the interactions between the multiple traffic flows associated with different services. This is assured by the used traffic modeling approach, underlying the optimization model, because the traffic model used to obtain the blocking probabilities B(f s ) integrates the contributions of all traffic flows which may use every link of the network. The focus is on the routing optimization from a global perspective (i.e. considering an explicit representation of all the traffic flows in the network and their interactions), which is the closest to reality. This feature is a major difference in comparison with more common routing models that have been proposed for networks with two service classes, based on some form of decomposition of the network representation, corresponding to 'virtual networks', one for each service class (e.g. in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF]).

The very high complexity of the routing problem P-M2-S2 stems from two major factors: all o.f. are strongly interdependent (via the {B(f s )}), and all the o.f. parameters and (discrete) decision variables R (network route plans) are also interdependent. Note that all these interdependencies are defined explicitly or implicitly through the underlying traffic model. Also note that even in the simplest degenerated case (single service with single-criterion optimization and no alternative routing) the problem is NP-complete in the strong sense, as proved in [START_REF] Elsayed | Adaptive Alternate-Routing in Telephone Networks: Optimal and Equilibrium Solutions[END_REF]. Having in mind the form of P-M2-S2, one may conclude on the great intractability of this problem. There are possible conflicts between the o.f. in P-M2-S2, because in many routing situations, the maximization of Engineering Optimization 7

W Q leads to a deterioration on some B(f s ), s ∈ S Q , for certain traffic flows A(f s ) with low intensity, and this tends to increase B M s|Q and B ms|Q , and consequently B M m|Q . This is a major factor to justify the interest and potential advantage in using multiobjective approaches in this context.

Basis of the heuristic approach

The resolution (in a multicriteria analysis sense) of the routing problem P-M2-S2 was earlier performed by a heuristic procedure (fully described in Girão-Silva et al. (2009b)), which is briefly reviewed in this section. This heuristic uses the theoretical foundations described in [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF] and it is based on the recurrent calculation of solutions to a constrained bi-objective shortest path problem, formulated for every endto-end flow f s , Problem P

(2)

s2 : min r(fs)∈D(fs)    m n (r(f s )) = lk∈r(fs) m n ks    n=1;2
The path metrics m n to be minimized are the marginal implied costs

m 1 ks = c Q(B) ks
and the marginal blocking probabilities m 2 ks =log(1 -B ks ); D(f s ) is the set of all feasible loopless paths for flow f s , which satisfy specific traffic engineering constraints for flows of type s. A typical constraint is a maximal number of arcs per path depending on the class and type of service s. With these path metrics, the comparison of the efficiency of different candidate routes takes into account both the loss probabilities experienced along the candidate routes and the knock-on effects upon the other routes in the network, effects associated with the acceptance of a call on that given route. Also note that the minimization of the metric blocking probability tends, at a network level, to minimize the maximal node-to-node blocking probabilities B(f s ), while the minimization of the metric implied cost tends to maximize the total average revenue W T in a single class multiservice loss network (see [START_REF] Craveirinha | A New Multiple Objective Dynamic Routing Method using Implied Costs[END_REF], [START_REF] Martins | Implementation and Performance of a New Multiple Objective Dynamic Routing Method for Multiexchange Networks[END_REF]).

The marginal implied cost for QoS(BE) traffic, c

Q(B)
ku , associated with the acceptance of a connection (or "call") of traffic f u of any service type u ∈ S on a link l k , as defined by the authors in [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF], is the expected value of the traffic loss induced on all QoS(BE) traffic flows resulting from the capacity decrease in link l k . These costs can be obtained by solving the system of equations (3.2) in Girão-Silva et al. (2009b). For further details on the implied cost concept and applications, see [START_REF] Kelly | Routing in Circuit-Switched Networks: Optimization, Shadow Prices and Decentralization[END_REF], [START_REF] Faragó | A New Degree of Freedom in ATM Network Dimensioning: Optimizing the Logical Configuration[END_REF], [START_REF] Mitra | Optimization and Design of Network Routing Using Refined Asymptotic Approximations[END_REF], [START_REF] Craveirinha | Dealing with Complexity in a Multiobjective Dynamic Routing Model for Multiservice Networks -A Heuristic Approach[END_REF][START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF].

In the heuristic, the auxiliary constrained shortest path problem P

(2)

s2 is solved by the algorithm MMRA-S2, see [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF], an adaptation of MMRA-S (Modified Multiobjective Routing Algorithm for multiservice networks), described in [START_REF] Craveirinha | Dealing with Complexity in a Multiobjective Dynamic Routing Model for Multiservice Networks -A Heuristic Approach[END_REF], [START_REF] Martins | A New Multiobjective Dynamic Routing Method for Multiservice Networks: Modelling and Performance[END_REF]. Generally, there is no feasible solution which minimizes the two o.f. simultaneously. Hence, the resolution of this problem aims at finding a 'best' compromise path from the set of non-dominated solutions, according to a system of preferences embedded in the working of the algorithm MMRA-S2. This is implemented by defining preference regions in the o.f. space obtained from aspiration and reservation levels (preference thresholds) defined for the two o.f., see [START_REF] Craveirinha | A New Multiple Objective Dynamic Routing Method using Implied Costs[END_REF], [START_REF] Martins | Implementation and Performance of a New Multiple Objective Dynamic Routing Method for Multiexchange Networks[END_REF]. Further details on this algorithmic approach can be seen in Martins et al. (2006).

In the dedicated heuristic HMOR-S2, each new solution is obtained by 'processing' the current best solution. A basic searching strategy is to seek routing solutions R(s) for each service s ∈ S which dominate the current one in terms of the so-called o.f. of interest for the service: the first level o.f. and the second level o.f. B ms|Q and

B M s|Q , s ∈ S Q , or W B , s ∈ S B .
The general rules for the generation and selection of candidate solutions (r 1 (f s ), r 2 (f s )) by MMRA-S2 for each f s , take into account the network topology and the need to make a distinction between real time and non-real time QoS services, and BE services. In particular, for the candidate second choice routes r 2 (f s ) for QoS or BE traffic, a special procedure is used, the Alternative Path Removal (APR), see [START_REF] Martins | Implementation and Performance of a New Multiple Objective Dynamic Routing Method for Multiexchange Networks[END_REF][START_REF] Martins | A New Multiobjective Dynamic Routing Method for Multiservice Networks: Modelling and Performance[END_REF]. This aims at preventing performance degradation in overload conditions, and causes some alternative routes to be eliminated in certain conditions.

The theoretical analysis of the model, confirmed by experimentation, showed that an instability phenomenon may arise in the path selection procedure, expressed by the fact that the route sets R (obtained by successive application of MMRA-S2 to every flow f s ) often tend to oscillate between certain solutions some of which may lead to poor global network performance under the prescribed metrics. To avoid this instability, a criterion for choosing candidate paths for possible routing improvement by increasing order of a function ξ(f s ) of the current (r

1 (f s ), r 2 (f s )) is proposed in Girão-Silva et al. (2009b).
The aim of ξ(f s ) is to give preference (concerning the calculation of new routes) to the flows for which the route r 1 (f s ) has a low implied cost and the route r 2 (f s ) has a high implied cost or to the flows which currently have worse end-to-end blocking probability. A variation on the selected paths is performed, leaving the others unaltered.

Application of a Pareto archive strategy to the basic heuristic approach

The study of the heuristic approach HMOR-S2, the basis of which was reviewed in the previous section, was completed with a sensitivity analysis, see [START_REF] Girão-Silva | Hierarchical Multiobjective Routing in MPLS Networks with Two Service Classes -Heuristic Resolution and Sensitivity Analysis[END_REF], 2009a), which led to the consideration of variants of this heuristic.

The realization that throughout the execution of the basic heuristic there were interesting solutions to the routing problem that were not further pursued due to the strict limitations imposed on the acceptance of a new solution, motivated the development of a new variant that could store these possibly interesting solutions in an archive and later go through them in order to try and find a "best" possible solution to the problem in hand, as described below.

The numerical complexity of the new variant is the same as the one for HMOR-S2 (see [START_REF] Girão-Silva | Hierarchical Multiobjective Routing in MPLS Networks with Two Service Classes -Heuristic Resolution and Sensitivity Analysis[END_REF]). The differences between this heuristic and the basic heuristic are related to the management of the archive, that is, addition and removal of solutions from the archive, and the evaluation of the solutions stored in the archive after the end of the outer cycle of the algorithm, in order to choose the "best" possible solution to the problem under analysis. The major features of the new heuristic, HMOR-S2 PAS (HMOR-S2 with a Pareto Archive Strategy), are described next and its formalization is in Appendix A. Engineering Optimization 9

3.1. Test to determine whether a new solution should be added to the archive

At the beginning of the algorithm (before the outer cycle) the initial solution is added to the archive. Afterwards, new solutions may be added to the archive, whenever:

(i) the new solution R a has value(s) better than the current best value(s) of the o.f. of interest. In this situation, the new solution is always added to the archive and if it is already full, one of the archived solutions must be removed prior to the addition of the new solution R a . (ii) the new solution R a has some value(s) better and other(s) worse than the current best values of the o.f. of interest. In this situation, the new solution is added to the archive if it is not dominated by any of the solutions in the archive in terms of the o.f. of interest and a) if the archive is not full, or b) if the evaluation of the new solution and the solutions in the archive shows that one of the archived solutions should be removed so as to allow for the addition of R a to the archive, in certain conditions described below.

Test to determine which solution should be removed from the archive

As mentioned earlier, it may be necessary to remove an archived solution to make room for the new solution. To select the solution to be removed, preference thresholds defined in the o.f. space are employed. In this approach, the QoS requirements are represented through requested (or aspirational) and acceptable (or reservation) thresholds for each network function W Q and B M m|Q . These thresholds define priority regions in the bidimensional o.f. space in which non-dominated solutions may be searched for. As an example of the definition of priority regions in the bidimensional o.f. space of the solutions in the archive, see figure 1. The ideal optimum is represented by O * and is obtained when both first level o.f. W Q and B M m|Q are optimized. The first priority region A is defined by the points for which the requested levels are satisfied for both o.f. The second priority regions B 1 and B 2 are those for which only one of the requested values is satisfied and an acceptable value is guaranteed for the other metric. B 2 will be considered preferable to B 1 because, for solutions in any second priority region, preference is given to the one with greater QoS traffic revenue even if with somehow worse B M m|Q . A third priority region C, where only acceptable values are guaranteed for both metrics, is defined. Beyond the acceptable values, lies the least priority region D.

The preference thresholds used to define the priority regions are calculated in a fully automated manner (see Appendix B).

When an archived solution has to be removed to make room for the new solution, the priority regions in the bidimensional o.f. space are re-evaluated and the first solution found in the last priority region is selected. After its removal, the new solution can be added to the archive.

As mentioned in point (ii-b), if R a has some values better and others worse than the current best values of the o.f. of interest, and R a is not dominated by any of the solutions in the archive and the archive is full, an analysis is performed to decide whether R a should be added to the archive. In this situation, the concept of preference thresholds is employed again, but this time not only the solutions in the archive but also the new 

W req (≡ m W |A ) B log req (≡ M B log |A ) B log min (≡ m B log |A ) B log M ax B log ac B log M m|Q W Q W M ax (≡ M W |A ) W ac W min A B 1 B 2 C D • (B log M ax ; W min ) • O * (≡ Ref A )
Figure 1. QoS requirements used to define priority regions in the bidimensional o.f. space solutions are considered.

If the new solution R a is in the last priority region, then it will not be added to the archive. Otherwise, the first archived solution in the worst priority region is selected for removal, after which the new solution can be added to the archive.

Test to determine the final solution

At the end of the algorithm (after the outer cycle), the solutions stored in the archive are analyzed. By employing again the concept of preference thresholds, the priority regions in the bidimensional o.f. space are re-evaluated so as to select the final solution of the algorithm.

The approach chosen to select the "best" solution in the best possible priority region is based on the calculation of a Chebyshev distance to a reference point, as described in [START_REF] Clímaco | An Automated Reference Point-Like Approach for Multicriteria Shortest Path Problems[END_REF]. Note that this operation is more time-consuming than simply choosing the first solution found in the best possible priority region. However, this operation is methodologically more correct and as it is performed only once, the amount of time it takes is not of primary importance. A description of the conceptual framework of reference point type approaches can be found in [START_REF] Wierzbicki | Reference Point Methods in Vector Optimization and Decision Support[END_REF][START_REF] Wierzbicki | Reference Point Approaches and Objective Ranking[END_REF]. In order to apply a reference point type approach of the type considered in this paper (in this Engineering Optimization 11 case, a double reference aspiration and reservation point type approach) in multicriteria optimization, reference (aspiration and reservation) levels have to be specified for each criterion. Afterwards, "a relatively simple but nonlinear aggregation of criteria is accomplished by an achievement function that can be interpreted as an ad hoc and adaptable approximation of the value function of the decision maker based on the information contained in the estimates of the ranges of criteria and in the positioning of aspiration and reservation levels inside these ranges", as explained by [START_REF] Wierzbicki | Reference Point Approaches and Objective Ranking[END_REF]. By using achievement functions, the tendency is to favor solutions with balanced deviations from the reference points. In the used procedure, the achievement function is represented by the weighted Chebyshev distance of a non-dominated solution in a given preference region to the associated aspiration point. Let R be the best possible priority region in the o.f. space where at least one solution can be found. A specific reference point is chosen in region R as the ideal point in that region, C * 1|R ; C * 2|R . The two metrics in the region are related to the upper level o.f. of the problem P-M2-S2, B log M m|Q (which has to be minimized) and W Q (which has to be maximized). That is, the ideal point in each rectangular region is the top left corner of that region. See the example in figure 1 where the reference point for region A (Ref A ) is displayed. For a non-rectangular region such as D the ideal point of the whole o.f. space O * is the reference point.

Another set of parameters that must be defined is the minimum m i|R and maximum M i|R of each metric i for region R. See the example in figure 1 where the minimum and maximum for both metrics in region A, are displayed. The problem to be solved to select a final solution considers a weighted Chebyshev norm:

min ∈R max i=1,2 w i|R C i ( ) -C * i|R
where the metrics for solution are C 1 ( ) = B log M m|Q ( ) and C 2 ( ) = W Q ( ). The weights in the weighted Chebyshev distance are w i|R = 1 Mi|R-mi|R , which allow the Chebyshev metrics w i|R C i ( ) -C * i|R to be dimension free and proportional to the size of the rectangular region. A weighted Chebyshev norm was used because this variant of the Chebyshev metric is the more adequate to the adopted reference point based technique (see details in [START_REF] Clímaco | An Automated Reference Point-Like Approach for Multicriteria Shortest Path Problems[END_REF]), which is based on the search and selection of nondominated solutions in the rectangular preference regions. In fact, the use of the weights (as defined in the method) makes the contour of the rectangle a isocost Chebyshev line for each particular region.

Generic appreciation of the Pareto archive strategy

The introduction of this strategy in the basic heuristic HMOR-S2 does not represent a significant increase in the computational complexity of the basic heuristic or its execution time. Throughout the execution of the HMOR-S2 PAS , it may be necessary to evaluate the need for a removal of an archived solution followed by the addition of a new solution. As explained earlier the choice of the archived solution to be removed is based on the definition of priority regions in the o.f. space, which is fully automated and does not require extensive calculations.

This strategy allows for a comparison of different adequate solutions that are obtained throughout the heuristic run, that would otherwise have been overlooked. The potential to evaluate a larger number of adequate solutions is clearly an advantage of this strategy. This aspect combined with the fact that the computational complexity of the heuristic with or without the PAS is virtually the same, leads to the conclusion that the HMOR-S2 PAS should be preferable to the basic heuristic HMOR-S2. This conclusion will be confirmed by the results displayed in the next section.

Experimental results

In this section, the analytical and simulation results obtained with the HMOR-S2 PAS heuristic in two different test networks are presented. A network case study analogous to the one in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF] is considered, as well as a second test network with structure based on the one described in [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF].

In [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF] a model for traffic routing optimization and admission control in multiservice networks supporting traffic with different QoS requirements, was proposed. This model for MPLS networks with two service classes uses a lexicographic optimization formulation, including admission control for BE traffic, based on a deterministic MCF (Multicommodity Flow) model, with the expected revenues associated with QoS and BE traffic as o.f. It will be used as a benchmarking study for the present work concerning upper bounds for the optimal value of the QoS traffic revenue W Q . For a brief summary of this application model, see Girão-Silva et al. (2009b,a).

Given the formulation of the routing problem P-M2-S2, in particular the fact that one of the upper level o.f. is the QoS traffic revenue W Q , the model in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF] is the most adequate for comparison with the one considered here. Also note that the essential features of the network and offered traffic are the same as in the model in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF].

Application of the model to two different test networks in a case study

The routing model in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF] and the one considered here were applied to the test network M depicted in figure 2 3. This test network is based on the original one in [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF], which was dimensioned for extremely low blocking probabilities. In order to achieve slightly higher blocking probabilities, the network was changed by eliminating a few links. The traffic matrix remains the same as in the original reference [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]. Notice that the modified version of the network and the traffic matrix are the only data that was taken from [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]. This information was used as an input to the routing model considered here, rather than considering the routing model and features proposed by [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]. The application of the proposed heuristic HMOR-S2 PAS and its predecessor HMOR-S2 to this new network E allowed the confirmation of the advantages of using the Pareto archive strategy in the heuristic, even in situations of low blocking. For both networks, the number of channels C k is C k = C k u0 , with basic unit capacity u 0 = 16 kbps. There are |S| = 4 service types with the features displayed in table 1. The values of the required bandwidth d s in kbps are also in the table. The required effective bandwidths are d s = d s u0 [channels] ∀s ∈ S and the expected revenue for a call of type s is assumed to be w s = d s , ∀s ∈ S. The average duration of a type s call is h s and D s represents the maximum number of arcs for a type s call. Notice that the network diameter of network E is higher than the network diameter of network M, which will influence the value of D s .

A base matrix T = [T ij ] with offered total bandwidth values from node i to node j [Mbps] is provided in each of the references [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF] and [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]. In the two sets of tests, the traffic matrix corresponding to each of the networks was considered. From the data in the traffic matrices, all the parameters needed by the traffic model can be obtained as shown in [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF]. Following the routing model in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF], results are presented for three values of a compensation parameter α. For further details on the application of this traffic model to the network case study under analysis, see [START_REF] Craveirinha | A Hierarchical Multiobjective Routing Model for MPLS Networks with Two Service Classes[END_REF].

Analytical results

In the analytical study, the heuristic HMOR-S2 PAS was run only once. Two different types of tests were conducted for each set of tests:

• (i) tests: the initial solution is the same as the one used in the basic heuristic HMOR-S2 runs, a solution which is typical of Internet routing conventional algorithms. In this initial solution, only one path for each flow (i.e. without an alternative path) is considered. The initial solution is the same for all the services s ∈ S and the paths are symmetrical. The path for every flow f s is the shortest one (that is, the one with minimum number of arcs); if there is more than one shortest path, the one with maximal bottleneck bandwidth (i.e. the minimal capacity of its arcs) is chosen; if there is more than one shortest path with equal bottleneck bandwidth, the choice is arbitrary. • (f) tests: the initial solution of the HMOR-S2 PAS heuristic is the routing plan obtained at the end of the basic heuristic runs for each specific α. The aim is to check whether this heuristic variant can improve the quality of the final solutions obtained with HMOR-S2 as an alternative to the direct use of the heuristic variant (as in the case of the (i) tests).

In the first set of tests, the analytical results concerning the QoS flows revenue W Q were compared with results obtained with the previous heuristic HMOR-S2 in Girão-Silva et al. (2009b) and with the results W max Q obtained with the model proposed in [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF]. These optimal values W max Q constitute an upper bound for the obtained results (rather than considering the ideal values of QoS flows revenue that would be obtained if all the offered QoS traffic was effectively carried). As for the second set of tests, they involve a new network that had not been considered previously. In order to make the same type of comparisons, the previous heuristic HMOR-S2 was run in this new network so as to have a basis for result comparison. In [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF], no results concerning any of the o.f. considered here is provided, as their multiobjective routing model is radically different from the one considered here. The only results that can be extracted from the proposed model in [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF] are approximate ideal values for the QoS flows revenue, W ideal Q . The experiments with the HMOR-S2 PAS were conducted with an archive of size 5. This archive size was chosen empirically after extensive experimentation. There was the realization that an increase in the archive size would not necessarily lead to better final results because at the end of the heuristic run, when the final solution is actually chosen from those in the archive the top 5 solutions tend to be the same regardless of the archive size. The analytical results displayed in tables 2 and 3 were obtained in approximately 47s on average in a Linux environment on a Pentium 4 processor with 3GHz CPU and 1GB of RAM.

In tables 2 and 3, two different comparative analysis can be performed. For HMOR-S2 PAS (i), the initial solution is the same as the one used in the corresponding basic heuristic so the table allows for [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF], while table 3 shows the results obtained for W Q as a percentage of the approximate upper bound (ideal value extracted from the data in [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]).

For both versions of the heuristic HMOR-S2 PAS , the final results for the upper level o.f. show an improvement on the ones obtained with the basic heuristic, for all the values of α. As the PAS variant takes practically the same time to run as the basic heuristic and provides better results for W Q and B M m|Q , it can be considered a better approach for solving the routing problem. Plus, its use on a second stage of the resolution of the routing problem (after the basic heuristic has been used on a first stage) tends to provide even more interesting results. In fact, a run of the basic heuristic HMOR-S2 followed by a run of the PAS variant ((f) version) provides improved results for the first level functions for the routing problem under analysis for α = 0.0 and α = 0.5, which correspond to higher overload situations.

In table 2, the results for HMOR-S2 PAS (f) show that there was a minor improvement in the QoS flows revenue, of 0.27% and 0.28% for α = 0.0 and α = 0.5, respectively; as for the improvement in the B M m|Q value, it was significant, 16.26% and 34.43% for α = 0.0 and α = 0.5, respectively. For α = 1.0, the results of the (i) and the (f) versions are two non-dominated solutions in terms of the values of the first level functions, and they are practically the same and very similar to the ones of the basic heuristic. Still, HMOR-S2 PAS (f) allowed for slight improvements in the values of the upper level o.f. obtained with HMOR-S2, namely 2.66% for B M m|Q . Also note that the best analytical results for W Q obtained with the heuristic variant are greater than 99.5% of the optimal value W max Q . In table 3, the results for HMOR-S2 PAS (f) show that there was again a minor improvement in the QoS flows revenue, of 0.72% and 0.26% for α = 0.0 and α = 0.5, respectively; for α = 1.0, the improvement in W Q was residual. As for the improvement in the value B M m|Q , it was even more significant than the one observed for the network M, 47.37% for α = 0.0 and close to 100% for α = 0.5 and α = 1.0. Note that the best analytical results for W Q obtained with the heuristic variant are greater than 99.4% of the ideal value W ideal Q . The application of the proposed heuristic HMOR-S2 PAS and its predecessor HMOR-S2 to this new network E allowed for the confirmation of the advantages of using a Pareto archive strategy, even in situations of low blocking. In fact, the use of this strategy always led to an improvement on the values of the first level o.f. of the routing model, in both networks.

For α = 0.0 in network E (the situation of higher load, where the blocking probability B M m|Q is in the range of 4 • 10 -2 ), the analytical results show that the HMOR-S2 PAS (i) leads to better results for the upper level o.f. than HMOR-S2. The version HMOR-S2 PAS (f) can be even more advantageous in the search for improvements of the final solution obtained with the basic heuristic. Remember that in this version, a run of the basic heuristic HMOR-S2 is followed by a run of the new variant. This result is clearly in line with the analytical results obtained for the network M (especially for α = 0.0 and α = 0.5 in network M, where the blocking probability B M m|Q is in the range of 4 • 10 -2 to 9 • 10 -2 ), thus confirming the interest in this new heuristic. 0.00259 0.00295±0.000594 0.0001126.40 •10 -5 ±7.36•10 -5 3.22•10 -5 2.14 •10 -5 ±5.50•10 -5 B m2|Q 0.00744 0.00723 ±0.000971 9.11•10 -5 5.35 •10 -5 ±3.94•10 -5 1.47•10 -8 0 B m3|Q 0.0002850.000282 ±3.47•10 -5 2.30•10 -5 2.13 •10 -5 ±5.28•10 -6 2.50•10 -6 1.09 •10 -6 ±7. 9•10 -10 0 9•10 -10 0 B m1|Q 1.02•10 -5 3.90•10 -5 ±4.49•10 -5 9•10 -10 0 9•10 -10 0 B m2|Q 3.76•10 -5 5.46•10 -5 ±1.90•10 -5 <1•10 -10 0 <1•10 -10 0 B m3|Q 1.21•10 -6 1.83•10 -6 ±1.36•10 -6 <1•10 -10 0 <1•10 -10 0 B M1|Q 0.000400 0.00239±0.00276 8.7•10 -9 0 8.7•10 -9 0 B M2|Q 0.000209 0.00238±0.00188 <1•10 -10 0 <1•10 -10 0 B M3|Q 7.18•10 -6 2.60•10 -5 ±1.67•10 -5 <1•10 -10 0 <1•10 For α = 0.5 and α = 1.0 in network E (the situations of lower load, where the blocking probability B M m|Q is in the range of 7 • 10 -3 to 4 • 10 -5 ), the analytical results show that the use of the Pareto archive still leads to better results for the upper level o.f. but the improvement is more modest. Again this result is in line with the analytical results obtained for the network M for α = 1.0 (where the blocking probability B M m|Q is in the range of 2 • 10 -2 ). The advantage of using the Pareto archive in these situations of lower blocking probability is the increased insensitivity to the initial solution. In fact, both for α = 1.0 in network M and α = 0.5 and α = 1.0 in network E the final solutions obtained with HMOR-S2 PAS (i) and HMOR-S2 PAS (f) are quite close or even the same. Remember that the difference between HMOR-S2 PAS (i) and HMOR-S2 PAS (f) is simply the initial solution.

Globally speaking, HMOR-S2 PAS and especially the (f) version is considered to be a procedure better than the basic heuristic for solving the very complex routing problem P-M2-S2. The inclusion of a Pareto archive has allowed for a significant improvement in the results obtained with the previous heuristic version (the basic one) in various cases, especially for the blocking probability values. Given that HMOR-S2 and HMOR-S2 PAS take practically the same time to run and have the same computational complexity, the PAS version of the heuristic is clearly considered advantageous over the basic version and has allowed for a better distribution of traffic over the test networks.

Simulation results

After the analytical experiments were performed, simulation experiments, with a static routing method using the solution provided by the heuristic, were also carried out. This simulation study enables the validation of the routing model results and the evaluation of the errors intrinsic to the analytical model which provides the estimates for the o.f.

A discrete-event stochastic simulation platform was used with the static routing model, where the routing plan is the final solution obtained after the (i) or the (f) version for the PAS variant was run. This routing plan does not change throughout the simulation regardless of the random variations of traffic offered to the network. The simulation starts with an initialization phase that lasts for a time t warm-up . After this time, information on the number of offered calls and carried calls in the network for each flow f s , s ∈ S, is gathered, until the end of the simulation. With this information, B(f s ), ∀s ∈ S and subsequently, the values of the upper and lower level o.f. related to blocking probabilities can be estimated. The calculation of the expected revenues is based on the number of carried calls in the network.

In tables 2 and 3, the analytical values of each o.f. are displayed, together with the simulation results (average value ± half length of a 95% confidence interval, computed by the independent replications method, see e.g. [START_REF] Law | Simulation Modeling and Analysis[END_REF]) for these functions. The bold style indicates that the statistical estimate of an o.f. value obtained with one of the versions of the PAS variant is the same or better than the corresponding value obtained with the basic heuristic. The italic style indicates that a simulation result is better than the corresponding analytical value. The results displayed in the table were obtained with a total simulated time t total = 48h and a warm-up time t warm-up = 8h. It took almost 2h of CPU time to get the results for network M and 30 minutes for network E in the computer mentioned earlier.

The analytical results and the corresponding static routing model simulation results are of similar magnitude, but the analytical results tend to be better, as expected. This is especially noticeable in the results obtained for network M, where the analytical results Engineering Optimization 19

for the QoS flows revenue W Q are clearly better than the corresponding static routing model simulation results, for all the values of α. For the network E, the analytical and the simulation results for W Q are much closer and the analytical result for that o.f. is inside the 95% confidence interval for all the heuristic versions for α = 0.0 and α = 0.5. For α = 1.0, the analytical value of W Q is actually worse than the corresponding simulation result. Notice that in this situation of lower traffic load in network E which is by itself dimensioned for low blocking probabilities, there are many instances throughout the executed simulations where the blocking estimate for a certain service is 0, which means that all the offered calls of that service were actually carried. This is the reason why so high values of the estimate of W Q are obtained, surpassing the analytical values.

The differences between the simulation and analytic results are mainly due to the imprecisions/inaccuracies intrinsic to the analytic/numerical resolution, in particular those associated with the simplifications of the traffic model, and the associated error propagation. As the overflow traffic is treated as Poisson traffic, the analytical model is actually a simplification which tends to underestimate the blocking probabilities in the network (and to overestimate the revenues). The errors resulting from this simplification propagate throughout the complex and lengthy numerical calculations associated with the resolution, for a great number of times, of the large systems of implicit non-linear equations used to calculate B ks and c

Q(B)
ks . Further simplifications were assumed in the stochastic model for the traffic in the links, namely a superposition of independent Poisson flows and independent occupations of the links. Nonetheless, the approximations in this model can be considered appropriate in this context for practical reasons, as the use of more complex models to represent the traffic and to calculate the blockings, would cause the computational burden to become too heavy (see [START_REF] Craveirinha | A method for calculating marginal variances in teletraffic networks with multiple overflows[END_REF], for example). Furthermore these errors do not compromise the inequality relations between the o.f. values, the comparison of which is the central aim of the multiobjective routing optimization method. In fact, a comparison of the results obtained with the basic heuristic and with both versions of the PAS variant shows that the analytical and simulation results are coherent, in the sense that whenever the analytical value of an o.f. is better for the (f) version than for the (i) version, the same tends to happen with the average values obtained with the static routing model simulation.

Conclusions and further work

In this work a hierarchical bi-level multiobjective routing model in MPLS networks with alternative routing, with two classes of service (with different priorities in the optimization model) and different types of traffic flows in each class, was reviewed. In this work, a variant of a previous heuristic, HMOR-S2, used for solving this very complex routing optimization model, which uses a Pareto Archive Strategy, was put forward. This new procedure maintains the resolution framework of HMOR-S2 but introduces and treats in a special manner an archive of possible good solutions found throughout the execution of the heuristic.

The analytical results for the different o.f. obtained with the new variant were compared with the corresponding values obtained with the basic heuristic HMOR-S2. In particular the values of the QoS service expected revenue were also compared with the bounds established for each of the networks: the optimal values in the application example of the routing model to network M, see [START_REF] Mitra | Techniques for Traffic Engineering of Multiservice, Multipriority Networks[END_REF], and the approximate ideal values obtained with the traffic matrix provided by [START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF] and offered to network E. The results show that the HMOR-S2 PAS (i) leads to better results for the upper level o.f. than HMOR-S2. The version HMOR-S2 PAS (f) can be even more advantageous in the search for improvements of the final solution obtained with the basic heuristic. In this version, a run of the basic heuristic HMOR-S2 followed by a run of the new variant tends to provide improved results for the routing problem.

A more exact evaluation of the results of the heuristic was accomplished with a discreteevent simulation platform. In most cases, the analytical results and the static routing model simulation results are of similar magnitude. The differences between them are due to inaccuracies intrinsic to the analytic/numerical resolution.

It is important to note that this variant does not have greater complexity than the basic heuristic. Nevertheless, the computational burden of either resolution approach is still heavy. This remains the major limitation of this type of routing method and restrains its potential practical application, at present, to networks with a limited number of nodes, such as the core and intermediate (metro-core) level networks of low dimension.

Further work on this model will focus on the search for possible simplifications and improvements in the heuristic resolution approaches. Also the extension of the model to broader routing principles such as probabilistic load sharing or traffic splitting might be studied and tested. Further work will also focus on the adaptation of the model so that it can be applied to test networks based on actual MPLS networks, and the obtained results can be compared with results obtained with common-practice existing routing solutions. As for simulation studies, further work will include a discrete-event stochastic simulation with a state-dependent periodic-type dynamic routing model where the network routing plan is updated as a function of real-time offered traffic measurements in the network. This study will allow for a better evaluation of inaccuracies intrinsic to the model and to the analytic/numerical resolution method. 

E. Compute B for R a Compute B ms|Q , B M s|Q if s ∈ S Q or W B if s ∈ S B for R a Compute W Q , B M m|Q F. If s ∈ S Q then • If [(B ms|Q < min{B ms|Q } and B M s|Q < min{B M s|Q }) and (W Q > max{W Q } and B M m|Q < min{B M m|Q })] then • min{B ms|Q } ← B ms|Q , min{B M s|Q } ← B M s|Q • max{W Q } ← W Q , min{B M m|Q } ← B M m|Q • R * (s) ← R a (s) • Add R a to

  -Silva et al.

Figure 2 .

 2 Figure 2. Test network M, see Mitra and Ramakrishnan (2001), with the indication of the bandwidth of each arc C k , in Mbps

Figure 3 .

 3 Figure 3. Test network E, see Erbas and Erbas (2003), with the indication of the bandwidth of each arc C k , in Mbps

  a comparison of the final analytical results obtained with

Q.

  (the ideal revenue extracted from the data in[START_REF] Erbas | A Multiobjective Off-line Routing Model for MPLS Networks[END_REF]); HMOR-S2 PAS (i): )98.82%; •)99.99%; )99.75% of W ideal Q ; HMOR-S2 PAS (f): )99.47%; )100%; ⊗)99.75% of W ideal Q

  ape = 0, z AP R ← 1.0 Else, z AP R ← 0.01 • nP aths b) For s = 1 to s = |S| i. For nCycles = 1 to nCycles = 0 A. Compute B and c Q , s ∈ S Q or c B , s ∈ S B for R a B. Compute and order the values of the function ξ(f s ), with ξ(f s ) = F L (f s ) if nCycles = 1 and ξ(f s ) = F Q(B) C (f s ) if nCycles = 0 C. Find the nP aths flows with lower value of ξ(f s ) D. Compute with MMRA-S2 new candidate paths for the corresponding O-D pairs and define a new set of first and second choice paths for the service s, R a (s), according to the rules established for each service

X

  the archive (If it is already full, the priority regions of the solutions in the archive must be evaluated and the first solution found in the worst region of the archive should be removed first.) • Else,• If [(B ms|Q > min{B ms|Q } and B M s|Q > min{B M s|Q }) and (W Q < max{W Q } and B M m|Q > min{B M m|Q })] then * (Discard R a ) • Else, * If there is at least one solution X in the archive for which [(B ms|Q > B ms|Q (X) andB M s|Q > B M s|Q (X)) and (W Q < W Q (X) and B M m|Q > B M m|Q (X))], i.e. X dominatesR a in terms of the o.f. of interest, † (Discard R a ) * Else (R a and the solutions in the archive are non-dominated) † If the archive is not full, ‡ Add R a to the archive † Else ‡ Evaluate the priority regions of R a and the solutions in the archive; ‡ If R a is in the worst priority region • (Discard R a ) ‡ Else, • Remove the first solution found in the worst region of the archive; • Add R a to the archive Specification of the notation used in the model O.f. calculation W Q(B) = s∈SQ(B) A c s w s total expected network revenue associated with QoS(BE) traffic flows B M m|Q = max s∈SQ {B ms } maximal average blocking probability among all QoS service types B ms|Q = 1 A o s fs∈Fs A(f s )B(f s ) mean blocking probabilities for flows of type s ∈ S Q B M s|Q = max fs∈Fs {B(f s )} maximal blocking probability defined over all flows of type s ∈ S Q Blocking probabilities calculation B(f s ) node to node blocking probability for all flows f s ∈ F s B ks = B s d k , ρ k , C k blocking probabilities for micro-flows of service type s in link l k B s basic function (implicit in the teletraffic analytical model) to calculate B ks Decision variablesR = ∪ |S| s=1 R(s) network routing plan R(s) = ∪ fs∈Fs R(f s ), s ∈ S Q ∪ S B set of all the feasible routes for the traffic flows of type s R(f s ) = (r p (f s )), p = 1, • • • , M first, second, • • • , M -th choice route for flow f s R oinitial network routing plan in the heuristic R a current network routing plan to be analyzed throughout the heuristic R * most adequate network routing plan found so far in the heuristic Path metrics and auxiliary parameters -MMRA-S2m 1 ks = c Q(B) ks marginal implied costs m 2 ks =log(1 -B ks ) marginal blocking probabilities D(f s )set of all feasible loopless paths for flow f s Preference thresholds used to define priority regionsW req = W av + ∆W = Wav+WMax 2 W ac = W av -∆W = 3Wav-WMax 2 B log req =ln (1 -(B av -∆B)) =ln 1 -Bav+Bmin 2 B log ac =ln (1 -(B av + ∆B)) =ln 1 -3Bav-Bmin 2Auxiliary parameters for the preference thresholds calculationW min = min X∈ archive W Q (X) W M ax = max X∈ archive W Q (X) W av = X∈ archive WQ(X) the preference thresholds calculation (cont.)B log M m|Q =ln 1 -B M m|Q B min = min X∈ archive B M m|Q (X) B log min =ln (1 -B min ) B M ax = max X∈ archive B M m|Q (X) B log M ax =ln (1 -B M ax ) B av = X∈ archiveBMm|Q(X) is a solution in the archive Information on the priority regions R priority region in the o.f. spacesolution in R C 1 ( ) = B log M m|Q ( ) first metric for solution C 2 ( ) = W Q ( ) second metric for solution C * 1|R ; C * 2|R = m B log |R ; M W |R reference point in R m i|R minimum of metric i for region R M i|R maximum of metric i for region R w i|R = 1 Mi|R-mi|Rweight of metric i and region R in the weighted Chebyshev distancew i|R C i ( ) -C * i|R Chebyshev metricfor metric i and region R Simulation parameters T = [T ij ] base matrix with offered bandwidth values from node i to node j [Mbps] α compensation parameter t warm-up duration of the initialization phase t total duration of the simulation Miscellany of auxiliary parameters f s flow of service type s γ s vectors of traffic engineering attributes of flows of service type s η s vectors containing the description of mechanism(s) of admission control to all arcs l k in the network by calls of flow f s S Q(B) set of QoS(BE) service types A o s total traffic offered by flows of type s A c s carried traffic for service type s A(f s ) mean traffic offered associated with f s ∈ F s w s expected revenue per call of service type s ρ ks reduced traffic loads offered by flows of type s to l k ρ k = ρ k1 , • • • , ρ k|S| vector of reduced traffic loads d ks equivalent effective bandwidths for flows of type s in l k d k = d k1 , • • • , d k|S| vector of equivalent effective bandwidths d s required bandwidth for service s [kbps] d s = d s u0 required effective bandwidth for service s [channels] h(f s ) average duration of each µ-flow in f s h s average duration of a type s call D s maximum number of arcs for a type s call ξ(f s ) function for choosing candidate paths for flow f s for possible routing improvement

  

  ) is the mean traffic offered associated with f s (in Erlang), B(f s ) is the node to node blocking probability for all flows f s and w s is the expected revenue per call of service type s.
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Table 1 .

 1 Service features on the test networks M and E In order to further understand the potential of the proposed heuristic strategy a second set of tests was performed by applying the considered routing model to another test network E depicted in figure 3. It has |N | = 10 nodes, with 12 pairs of nodes linked by a direct arc and a total of |L| = 24 unidirectional arcs. The bandwidth of each arc C k [Mbps] is shown in figure

	Page 12 of 29

URL: http:/mc.manuscriptcentral.com/geno Email: A.B.Templeman@liverpool.ac.uk

Table 2 .

 2 Average o.f. values with 95% confidence intervals, for simulations with the routing plan obtained with the different heuristic strategies in network M S2 PAS . As for the PAS(f) version, the initial solution has the o.f. values displayed in the table under HMOR-S2 (Basis) so that a comparison of the initial and the final analytical results with HMOR-S2 PAS can be performed. The best analytical values for the o.f. are underlined. Table 2 also shows the results obtained for W Q as a percentage of the upper bound optimal value given in
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	α	Obj. Func. AnalyticalStatic routing model Analytical Static routing model Analytical Static routing model HMOR-S2 (Basis) HMOR-S2 PAS (i) HMOR-S2 PAS (f)
		W Q	64731.51*	64642.53±64.17 64848.17	64733.71±63.18 64905.26	64774.12±68.28
		B Mm|Q	0.0898	0.0887 ±0.00336	0.0803	0.0811±0.00299	0.0752	0.0773±0.00356
		B m1|Q	0.0898	0.0887 ±0.00336	0.0803	0.0811±0.00299	0.0752	0.0773±0.00356
	0.0	B m2|Q B m3|Q	0.0199 0.00216 0.00226±0.0000663 0.00190 0.00205±0.0000491 0.00184 0.00200±0.0000499 0.0246±0.000647 0.0189 0.0238±0.000634 0.0184 0.0236±0.000576
		B M1|Q	0.691	0.684 ±0.00802	0.706	0.703 ±0.00982	0.708	0.706 ±0.00912
		B M2|Q	0.0723	0.0843±0.00242	0.101	0.114±0.0124	0.103	0.110±0.00600
		B M3|Q	0.0287	0.0291±0.000206	0.0299	0.0302±0.000274	0.0301	0.0303±0.000146
		W B	17007.15	16982.33±37.02 17018.80	16992.82±39.09 17039.20	17017.10±39.32
		W Q	60569.09 †	60491.22±50.79 60694.00•	60606.56±57.00 60739.76	60676.12±61.43
		B Mm|Q	0.0424	0.0460±0.00163	0.0311	0.0356±0.00145	0.0278	0.0306±0.00145
		B m1|Q	0.0424	0.0460±0.00163	0.0311	0.0356±0.00145	0.0278	0.0306±0.00145
	0.5	B m2|Q B m3|Q	0.00534 0.00809±0.000328 0.00347 0.00637±0.000289 0.00230 0.00463±0.000355 0.00119 0.00126±0.0000403 0.0008670.000947±0.0000223 0.0008570.000922±0.0000167
		B M1|Q	0.628	0.631±0.0151	0.629	0.632±0.0153	0.629	0.626 ±0.0196
		B M2|Q	0.0432	0.0503±0.00266	0.0206	0.0263±0.00237 0.00959	0.0158±0.00216
		B M3|Q	0.0243	0.0245±0.000196	0.0244	0.0245±0.000213	0.0244	0.0245±0.000261
		W B	16904.99	16899.02±38.69 16898.77	16896.50±38.25 16685.60	16696.08 ±40.87
		W Q	56100.60 ‡	56027.72±46.92 56106.78	56035.09±47.22 56106.51⊗	56036.04±45.53
		B Mm|Q	0.0263	0.0281±0.00126	0.0257	0.0276±0.000989	0.0256	0.0274±0.00174
		B m1|Q	0.0263	0.0281±0.00126	0.0257	0.0276±0.000989	0.0256	0.0274±0.00174
	1.0	0.00515 0.00832±0.000685 0.00495 0.00804±0.000662 0.00499 0.00805±0.000619 B m3|Q 0.000560 0.000637±0.0000154 0.000564 0.000638±0.0000153 0.000567 0.000643±0.0000157 B m2|Q
		B M1|Q	0.544	0.547±0.0281	0.556	0.557±0.0304	0.556	0.552 ±0.0304
		B M2|Q	0.0185	0.0325±0.00353	0.0178	0.0307±0.00251	0.0186	0.0310±0.00318
		B M3|Q	0.0193	0.0195±0.000167	0.0200	0.0201±0.000183	0.0200	0.0201±0.000295
		W B	16479.60	16453.09±17.05 16464.68	16437.83±16.40 16465.58	16436.45±17.45
	HMOR-S2: *)99.35%; †)99.57%; ‡)99.58% of W max Q	(the optimal revenue in Mitra and Ramakrishnan (2001));
	HMOR-S2 PAS (i): )99.53%; •)99.78%; )99.59% of W max Q ; HMOR-S2 PAS (f): )99.62%; )99.85%; ⊗)99.59% of W max Q .
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Table 3 .

 3 Average o.f. values with 95% confidence intervals, for simulations with the routing plan obtained with the different heuristic strategies in network E Mm|Q 0.00744 0.00723 ±0.000971 0.0001129.86 •10 -5 ±4.58•10 -5 3.22•10 -5 2.23 •10 -5 ±5.46•10 -5 B m1|Q

	α	Obj. Func. AnalyticalStatic routing model Analytical Static routing model Analytical Static routing model HMOR-S2 (Basis) HMOR-S2 PAS (i) HMOR-S2 PAS (f)
		W Q	21443.03*	21436.67±35.59 21456.49	21456.04±31.97 21596.83	21587.85±34.78
		B Mm|Q	0.0418	0.0431±0.000671	0.0315	0.0321±0.00133	0.0220	0.0238±0.00130
		B m1|Q	0.0418	0.0431±0.000671	0.0315	0.0321±0.00133	0.0220	0.0238±0.00130
	0.0	0.0194 B m3|Q 0.000667 0.000681±0.0000245 0.000654 0.000655±0.0000201 0.000390 0.000399±0.0000138 0.0205±0.000518 0.0217 0.0223±0.000618 0.00655 0.00779±0.000317 B m2|Q
		B M1|Q	0.241	0.222 ±0.0192	0.282	0.286±0.0369	0.130	0.137±0.0156
		B M2|Q	0.112	0.104 ±0.00488	0.121	0.127±0.00328	0.0920	0.0952±0.0105
		B M3|Q	0.00635 0.00610 ±0.000303 0.00776	0.00769 ±0.000540	0.00312 0.00296 ±0.000193
		W B	6741.02	6765.33 ±8.69	6859.31	6874.35 ±6.11 6940.64	6954.27 ±7.20
		W Q	17639.96 †	17638.26±14.02 17685.03•	17682.94±15.56 17685.84	17683.50±15.54
		B					
	0.5						

The required bandwidth expresses a traffic carrying capacity relative to each type of traffic flow offered to the network.

The term "call" is viewed here in its widest sense as a connection request of any service/application type, which is being offered and carried in the network.

A µ-flow corresponds in this model to a 'call', that is, a node to node connection request with certain traffic engineering features.

This means in this context that the main o.f. of a given service class depend explicitly on all traffic flows in the network.
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Engineering Optimization Appendix A. Formalization of the heuristic

• Add R a to the archive (If it is already full, the priority regions of the solutions in the archive must be evaluated and the first solution found in the worst region of the archive should be removed first.)

i.e. X dominates R a in terms of the o.f. of interest, † (Discard R a ) * Else (R a and the solutions in the archive are non-dominated)

† If the archive is not full, ‡ Add R a to the archive † Else ‡ Evaluate the priority regions of R a and the solutions in the archive; ‡ If R a is in the worst priority region

• Remove the first solution found in the worst region of the archive;

• Add R a to the archive H. R a (s) ← R * (s) End of the cycle For (nCycles) End of the cycle For (s) End of the cycle For (ape) End of the cycle For (nP aths)

(1) Evaluate the priority regions of the solutions in the archive;

(2) The final solution is found in the best region of the archive, using a reference point-based procedure.

XI. Compute the o.f. values for the final solution.