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Abstract—A two-level hierarchical multicriteria routing

model for multiprotocol label switching networks with two

service classes (QoS, i.e., with quality of service requirements,

and best effort services) and alternative routing is reviewed

in this paper. A heuristic resolution approach, where non-

dominated solutions are obtained throughout the heuristic run

and kept in an archive for further analysis is also reviewed.

In this paper, an extensive analysis of the application of this

procedure to two reference test networks for various traffic

matrices is presented. Also a comparison of the results of our

method with a lexicographic optimization approach based on

a multicommodity flow formulation using virtual networks is

carried out. Finally, results of a stochastic discrete event sim-

ulation model developed for these networks will be shown to

illustrate the effectiveness of the resolution approach and to

assess the inaccuracies of the analytic results.

Keywords—multiobjective optimization, routing models, simula-

tion, telecommunication networks.

1. Introduction and Motivation

The routing calculation and optimization problems in mod-

ern multiservice networks are quite challenging, as the

performance requirements in these networks are multi-

dimensional, complex and sometimes contradictory. Rout-

ing problems in communication networks consist of the

selection of a sequence of network resources (i.e., paths

or routes) that will seek the optimization of some objec-

tive functions (o.f.), while satisfying a set of constraints.

According to the route related metrics that are chosen, the

performance of different routing decisions may be measured

and quantified.

There are different classes of traffic with different service

requirements in multiservice networks. With multiple and

heterogeneous QoS (quality of service) routing require-

ments being taken into account, the routing models are

designed to calculate and select one (or more) sequence of

network resources (routes), with the aim of seeking the op-

timization of route related objectives and satisfying certain

QoS constraints. There are potential advantages in formu-

lating routing problems in these types of networks as mul-

tiple objective optimization problems, because the trade-

offs among distinct performance metrics and other network

cost function(s) (potentially conflicting) can be achieved in

a consistent manner.

An in-depth methodological discussion of applications of

multicriteria analysis in telecommunications seen from

a knowledge theory broad perspective, is in [1], while [2]

proposes a systematized conceptual framework for multi-

ple criteria routing in QoS/IP networks, using a reference

point-based approach.

The authors have presented a meta-model for hierarchical

multiobjective network-wide routing optimization in MPLS

networks in [3], along with a discussion on some key

methodological and modeling issues associated with route

calculation, and selection in MPLS networks. The applica-

tion of this routing model framework is adequate to core or

metro-core networks with a limited number of nodes. Two

different classes of traffic flows are considered in this op-

timization approach, QoS (regarded as first priority flows)

and BE – best effort (regarded as second priority flows).

While the QoS flows have a guaranteed QoS level, related

to the required bandwidth, the BE flows are routed with the

best possible quality of service but without deteriorating the

QoS of the QoS traffic flows. With this approach, the dif-

ferent traffic flows are treated according to their specific

features. The routing model considered here is hierarchi-

cal, with two different priority levels. In the first priority

level, the o.f. are concerned with network level objectives

of QoS flows; in the second priority level, the o.f. are re-

lated to performance metrics for the different types of QoS

services and to a network level objective for the BE traffic

flows.

A heuristic approach (HMOR-S2PAS – hierarchical mul-

tiobjective routing considering 2 classes of service with

a Pareto archive strategy) devised to find “good” solutions

(in the sense of multiobjective optimization1) to this hier-

archical multiobjective routing optimization problem was

1In multiobjective optimization problems, see [4], one seeks to find non-

dominated solutions since optimal (ideal) solutions are usually unfeasible.

A non-dominated solution can be defined as a feasible solution such that

(in minimization problems) it is not possible to decrease the value of an

o.f. without increasing the value of at least one of the other o.f.

29
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proposed in [5]. Its application to two reference test net-

works, M and E , used in a benchmarking case study for

various traffic matrices was also described. The evaluation

of the performance of the proposed heuristic, by using an

analytical model and stochastic discrete-event simulation

was presented.

In this work, the heuristic approach HMOR-S2PAS is ap-

plied to two new networks, denoted by G and H , obtained

by a transformation of an original network in [6], by a red-

imensioning of the links. An extensive analysis of the ap-

plication of this procedure to these networks for various

traffic matrices is presented. A major objective of this ex-

perimental study is to test the developed routing method in

new networks with different structure and increased con-

nectivity, as compared with the ones in [5]. Furthermore,

the results were obtained in these networks, using analytic

and stochastic discrete-event simulation models in order to

confirm the effectiveness of this heuristic approach to route

calculation and selection in multiservice networks, and to

assess the inaccuracies of the analytic results.

Furthermore, for comparison purposes we also imple-

mented a network-wide optimization routing method based

on a MCF (multicommodity flow) programming approach

with two-path traffic splitting, using lexicographic opti-

mization for dealing with the two main o.f. associated with

QoS and BE traffic. This routing method (designated here-

after as MCF-lex-W ) is a particular variant of the one

proposed in [7] and from our point of view, this type of

approach (among the ones previously developed) can be

broadly comparable in terms of underlying objectives to

our approach. This type of alternative method uses the

concept of virtual residual networks whereby, in a first

step, the routing calculation is performed for the QoS traf-

fic (seeking to optimize a relevant o.f.) and in a second

step the routing calculation for the BE traffic is performed

considering only the remaining capacity in the links (result-

ing from the occupation of the QoS flows). This results in

a virtual residual network and it is a classical form of deal-

ing with routing problems in networks with two classes

of services of different priority, as in [8], [9]. Since this

type of models using MCFs assume deterministic flows

(this is an intrinsic limitation of this type of approaches),

the comparison with the results of our multiobjective model

requires an adaptation to a stochastic environment of the

type proposed in [7] and adapted to the developed models

as described in Subsection 3.3.

The paper is organized as follows: the two-level hierar-

chical multiobjective alternative routing model with two

service classes is reviewed in Section 2. The main features

of the heuristic resolution approach are also reviewed. In

the following section, after an explanation on the applica-

tion of the model to a network case study and the descrip-

tion of the test networks considered in the experimental

study, the MCF-lex-W method used for comparison pur-

poses is described. Still in Section 3 the results obtained

with this procedure by using analytic results and discrete-

event stochastic simulations, for the two new test networks,

considering three load scenarios are presented. The pa-

per ends with a section on conclusions and an outline of

future work.

2. Review of the Multiobjective Routing

Model and the Heuristic Resolution

Approach

In this section we will make a review of the essential aspects

of the multiobjective routing model and of the heuristic

resolution approach. Due to the complex nature of the

model and of the resolution approach, we refer the readers

to further details in [3].

2.1. The Multiobjective Routing Model

The model described here is an application of the multiob-

jective modeling framework (or “meta-model”) for MPLS

networks proposed in [3]. In this model, two classes of ser-

vices are considered: QoS and BE. The sets SQ and SB

include the different service types of each class, that may

differ in important attributes, namely the required band-

width.

The network is represented in this model through a ca-

pacitated directed graph, with an assigned capacity of Ck

to every arc (or ‘link’) k ∈ A . The traffic flows are repre-

sented in a stochastic form, based on the use of the concept

of effective bandwidth2 for macro-flows and on a general-

ized Erlang model for estimating the blocking probabilities

in the arcs, as in the model used in [12].

A traffic flow is specified by fs = (i, j,γ s,η s) for s ∈ S =
SQ ∪SB and a stochastic process (usually, a marked point

process) is assigned to it. This process describes the ar-

rivals and basic requirements of micro-flows3, originated

at the MPLS ingress node i and destined for the MPLS

egress node j, using some LSP (label switched path). The

characteristics of the traffic flows are expressed by γs, the

vectors of traffic engineering attributes of flows of service

type s, and by ηs, the vectors containing the description of

mechanisms of admission control to all arcs k in the net-

work by calls of flow fs. The traffic engineering attributes

associated with fs calls and all the links, which may be

used by fs, including priority features, include information

on the required effective bandwidth ds and the mean dura-

tion h( fs) of each micro-flow in fs.

2The effective bandwidth can be defined (see [10]) as 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.

This concept may be used to approximate nodal behavior at the packet level

and simplify the analysis at the connection level. Kelly [11] developed

a formal mathematical definition of effective bandwidth in a network with

stochastic traffic sources and statistical multiplexing. According to this

definition, the effective bandwidth can be viewed as a specific stochastic

measure of the utilization of transmission network resources by certain

packet flow(s). With this concept, the traffic behavior at packet level may

be “encapsulated” in a simplified manner.
3A micro-flow corresponds in this model to a ‘call’, that is, a node to

node connection request with certain traffic engineering features.
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The hierarchical multiobjective routing optimization model

considered here has two levels with several o.f. in each

level. At the first level, the first priority o.f. include WQ, the

total expected network revenue associated with QoS traffic

flows, and BMm|Q, the worst average performance among

QoS services, represented by the maximal average block-

ing probability among all QoS service types. These o.f.

are formulated at the network level for the QoS traffic. At

the second level, the second priority o.f. include Bms|Q,

the mean blocking probabilities for flows of type s ∈ SQ,

and BMs|Q, the maximal blocking probability defined over

all flows of type s ∈ SQ, as well as the total expected net-

work revenue associated with BE traffic flows, WB. The

o.f. related to blocking probabilities in this second level

are average performance metrics of the QoS traffic flows

associated with the different types of QoS services. At

both levels of optimization, ‘fairness’ objectives are ex-

plicitly considered in the form of min-max objectives:

minR{BMm|Q} at the first level, and minR{BMs|Q},∀s ∈ SQ

at the second level.

Hence the considered two-level hierarchical optimization

problem for two service classes P-M2-S2 (‘problem – mul-

tiobjective with 2 optimization hierarchical levels – with

2 service classes’) is:

Problem P-M2-S2

• 1st level

{

QoS: Network obj. maxR{WQ},
minR{BMm|Q};

• 2nd level















QoS: Service obj. minR{Bms|Q},
minR{BMs|Q},
∀s ∈ SQ,

BE: Network obj. maxR{WB};

subject to equations of the underlying traffic model, with

WQ(B) = ∑
s∈SQ(B)

Ac
sws , (1)

BMm|Q = max
s∈SQ

{Bms} , (2)

Bms|Q =
1

Ao
s

∑
fs∈Fs

A( fs)B( fs) , (3)

BMs|Q = max
fs∈Fs

{B( fs)} , (4)

where Ao
s is the total traffic offered by flows of type s, Ac

s

is the carried traffic for service type s, A( fs) is the mean

traffic offered associated with fs (in Erlang), B( fs) is the

node to node blocking probability for all flows fs, and ws is

the expected revenue per call of service type s. For further

details on the calculation of these o.f. see [3].

There are possible conflicts between the o.f. in P-M2-S2.

In fact, in many routing situations, the maximization of WQ

may cause a deterioration on some B( fs),s ∈ SQ, for cer-

tain traffic flows A( fs) with low intensity, which tends to

increase BMs|Q and Bms|Q, and consequently BMm|Q. This

justifies the interest and potential advantage in using mul-

tiobjective formulations in this context.

It is important to remark that in the formulation of P-M2-

S2, WQ is a first priority o.f. (together with BMm|Q), while

WB is a second level o.f. This formulation assures that the

routing of BE traffic, in a quasi-stationary situation, will not

be made at the expense of a decrease in QoS traffic revenue

or of an increase in the maximal blocking probability of

QoS traffic flows.

The traffic modeling approach used in the routing model

is fully described in [3]. In the framework of the basic

teletraffic model considered here, the blocking probabili-

ties Bks, for micro-flows of service type s in link k, are

calculated by

Bks = Bs

(

dk,ρk,Ck

)

, (5)

with Bs representing the basic function (implicit in the tele-

traffic analytical model) that expresses the marginal block-

ing probabilities, Bks, in terms of dk = (dk1, . . . , dk|S |)
(vector of equivalent effective bandwidths dks for all ser-

vice types), ρk =
(

ρk1, . . . ,ρk|S |

)

(vector of reduced traffic

loads ρks offered by flows of type s to k) and the link

capacity Ck. For simplifying purposes, the links are mod-

eled through a multidimensional Erlang system with mul-

tirate Poisson traffic inputs. With this type of approxima-

tion, the calculation of {Bks} can be performed through

efficient and robust numerical algorithms, which are es-

sential in a network-wide routing optimization model of

this type, for tractability reasons. The classical Kaufman

(or Roberts) algorithm [13], [14] was used to calculate

the functions Bs for small values of Ck; for larger values

of Ck, approximations based on the uniform asymptotic ap-

proximation (UAA) [15] were used, having in mind its ef-

ficiency.

The decision variables R =∪
|S |
s=1R(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( fs),s ∈SQ∪SB and R( fs) = (rp( fs)), p =

1, . . . ,M with M = 2 in this model. An alternative routing

principle is used: for each flow fs the first choice route

r1( fs) is attempted and if it is blocked the call will try the

second choice route r2( fs). A request will be blocked only

if r2( fs) is also blocked.

This routing optimization approach is of network-wide type,

which means that the main o.f. of a given service class de-

pend explicitly on all traffic flows in the network. There-

fore, a full representation of the relations between the o.f.

is achieved, taking into account the interactions between

the multiple traffic flows associated with different services.

This is accomplished by the features of the traffic model

used to obtain the blocking probabilities B( fs), as the con-

tributions of all traffic flows, which may use every link

of the network are considered according to the approach

in [3]. The focus is on the routing optimization from

a global perspective (i.e., considering an explicit repre-

sentation of all the traffic flows in the network and their

interactions), which is the closest to reality. This is a ma-

jor difference in comparison with other routing models that

have been proposed for networks with two service classes,

based on some form of decomposition of the network
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Rita Girão-Silva, José Craveirinha, and João Clı́maco

representation, leading to the consideration of ‘virtual net-

works’, one for each service class (e.g. in [7]).

The routing problem P-M2-S2 is highly complex, mainly

because of two factors: all o.f. are strongly interdepen-

dent (via the {B( fs)}), and all the o.f. parameters and

(discrete) decision variables R (network route plans) are

also interdependent. All these interdependencies are de-

fined explicitly or implicitly through the underlying traffic

model. Even in a simplest degenerated case, considering

single service with single-criterion optimization and no al-

ternative routing, the problem is NP-complete in the strong

sense (see [16]). Considering the form of P-M2-S2, one

may conclude on the great intractability of this problem.

2.2. The Heuristic Resolution Approach

The heuristic procedure HMOR-S2PAS (fully described

in [5] and references therein) used to solve (in a multi-

criteria analysis sense) the routing problem P-M2-S2 is re-

viewed here. Using the theoretical foundations described

in [17], this heuristic is based on the recurrent calculation

of solutions to an auxiliary constrained bi-objective short-

est path problem P
(2)
s2 , formulated for every end-to-end

flow fs,

min
r( fs)∈D( fs)

{

mn(r( fs)) = ∑
k∈r( fs)

mn
ks

}

n=1;2

.

The path metrics mn to be minimized are the marginal im-

plied costs4 m1
ks = c

Q(B)
ks and the marginal blocking prob-

abilities m2
ks = − log(1−Bks); D( fs) is the set of all fea-

sible loopless paths for flow fs, satisfying specific traffic

engineering constraints for flows of type s. The efficiency

of different candidate routes can be compared, considering

both path metrics: the loss probabilities experienced along

the candidate routes and the knock-on effects upon the other

routes in the network (effects related to the acceptance of

a call on that given route). It is important to remark that

these network metrics are associated with the first level o.f.

of P-M2-S2: the minimization of the metric blocking prob-

ability tends, at a network level, to minimize the maximal

node-to-node blocking probabilities B( fs), while the mini-

mization of the metric implied cost tends to maximize the

total average revenue WT .

In the heuristic, the auxiliary constrained shortest path

problem P
(2)
s2 is solved by the algorithm MMRA-S2

(modified multiobjective routing algorithm for multiser-

vice networks, considering 2 classes of service) described

in [18]. Generally, there is no feasible solution minimiz-

ing the two o.f. simultaneously. Therefore, the aim of the

resolution of this problem is finding a ‘best’ compromise

path from the set of non-dominated solutions, according to

4The marginal implied cost for QoS(BE) traffic, c
Q(B)
ku , associated with

the acceptance of a connection (or “call”) of traffic fu of any service type

u ∈S on a link k represents the expected value of the traffic loss induced

on all QoS(BE) traffic flows resulting from the capacity decrease in link

k (see [17]).

a system of preferences embedded in the working of the

algorithm MMRA-S2. The implementation of this system

of preferences relies on the definition of preference regions

in the o.f. space obtained from aspiration and reservation

levels (preference thresholds), defined for the two o.f.

The generation and selection of candidate solutions (r1( fs),
r2( fs)) by MMRA-S2 for each fs is based on rules that

consider the network topology and the need to make a dis-

tinction between real time and non-real time QoS services,

and BE services. An instability phenomenon may arise

in the path selection procedure, as shown by a theoretical

analysis of the model and confirmed by extensive experi-

mentation: the route sets R (obtained by successive applica-

tion of MMRA-S2 to every flow fs) 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, not all the paths of all the flows are

liable to change on each iteration. A set of candidate paths

for possible routing improvement are chosen by increas-

ing order of a function ξ ( fs) of the current (r1( fs),r
2( fs)),

as proposed in [18]. With this function ξ ( fs) preference

(concerning the calculation of new routes) is given to the

flows, for which the route r1( fs) has a low implied cost,

and the route r2( fs) has a high implied cost or to the flows,

which currently have worse end-to-end blocking probabil-

ity. A variation on the selected paths is performed, leaving

the others unaltered.

In the dedicated heuristic HMOR-S2, each new solution is

obtained by ‘processing’ the current best solution: routing

solutions R(s) for each service s ∈ S are sought 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. Bms|Q and BMs|Q if s ∈ SQ, or WB if s ∈ SB).

This strategy leads to strict limitations being imposed on

the acceptance of a new solution, and consequently some

interesting solutions to the routing problem may not be fur-

ther pursued. Therefore, instead of simply discarding every

solution that does not dominate the current one, we have

devised the PAS variant where some possibly interesting

solutions are stored throughout the execution of the heuris-

tic, and later checked in order to try and find the “best”

possible solution to the problem in hand. The management

rules of the archive (that is, addition and removal of solu-

tions 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 so-

lution to the problem under analysis) are fully described

in [5].

The analysis of the solutions stored in the archive relies

on a system of priority regions in the bidimensional o.f.

space, defined by preference thresholds (requested (or as-

pirational) and acceptable (or reservation) thresholds for

each network function WQ and BMm|Q). As an example of

the definition of priority regions in the bidimensional o.f.

space of the solutions in the archive, see Fig. 1.

The ideal optimum is represented by O∗ and is obtained

when both first level o.f. WQ and BMm|Q are optimized.
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Fig. 1. QoS requirements used to define priority regions in the

bidimensional o.f. space.

The region, for which the requested levels are satisfied for

both o.f. is the first priority region A; the regions, for

which only one of the requested values is satisfied and an

acceptable value is guaranteed for the other metric are the

second priority regions B1 and B2 (note that B2 will be

considered preferable to B1 because, for solutions in any

second priority region, preference is given to the one with

greater WQ even if with greater BMm|Q); the region where

only acceptable values are guaranteed for both metrics is the

third priority region C. Beyond the acceptable values, there

lies the least priority region D. The preference thresholds

used to define the priority regions are calculated in a fully

automated manner (see [5]).

The approach chosen to select the “best” solution in the

best possible priority region relies on the minimization of

a weighted Chebyshev distance to a reference point. In

this approach, reference (aspiration and reservation) lev-

els are specified for each criterion. Let Wav = Wmin+Wmax

2
,

where Wmin(Wmax) is the minimal(maximal) value of WQ

in all the solutions in the archive, and Bav = Bmin+Bmax

2
,

where Bmin(Bmax) is the minimal(maximal) value of BMm|Q

in all the solutions in the archive. The reference levels

are defined by Wreq = Wav+Wmax

2
and Wac = Wmin+Wav

2
for

the QoS traffic revenue and B
log
req = − log

(

1− Bmin+Bav

2

)

and B
log
ac = − log

(

1− Bav+Bmax

2

)

for the blocking probabil-

ity BMm|Q. The weighted Chebyshev distance of a non-

dominated solution in a given preference region to the as-

sociated aspiration point is calculated, and the “best” solu-

tion will be the one in the best possible priority region that

minimizes that distance.

Defining R as the best possible priority region in the o.f.

space where at least one solution ρ can be found, a spe-

cific reference point
(

C ∗
1|R ;C ∗

2|R

)

can be chosen in R as

the ideal point in that region. The ideal point in each rect-

angular region is the top left corner of that region. As an

example, see the reference point for region A (Re fA) in

Fig. 1. For a non-rectangular region such as D, the refer-

ence point is the ideal point of the whole o.f. space O∗.

Other parameters that must be defined are the minimum

mi|R and maximum Mi|R values of each metric i for re-

gion R. As an example, see the minimum and maximum

values for both metrics in region A in Fig. 1.

The problem of selection of the final solution considers

a weighted Chebyshev norm:

min
ρ∈R

max
i=1,2

{

wi|R

∣

∣

∣
Ci(ρ)−C

∗
i|R

∣

∣

∣

}

,

where C1(ρ) = B
log

Mm|Q(ρ) and C2(ρ) = WQ(ρ) are the met-

rics for solution ρ . The weights in the weighted Chebyshev

distance, wi|R = 1
Mi|R−mi|R

, allow the Chebyshev metrics
{

wi|R

∣

∣

∣
Ci(ρ)−C ∗

i|R

∣

∣

∣

}

to be dimension free and propor-

tional to the size of the rectangular region. This weighted

Chebyshev norm is more adequate to the adopted technique

of search and selection of non-dominated solutions in rect-

angular preference regions. In fact, the use of the weights

(as defined in the method) makes the contour of the rect-

angle a isocost Chebyshev line for each particular region.

3. Experimental Results

3.1. Application of the Model to a Network Case Study

The network case study considered here is obtained from

changes on the network models in [7] and [6]. An overview

of the relevant features of the model proposed in this ref-

erence is provided here for a better understanding of the

case study.

In [7], a model is proposed for traffic routing and admission

control in multiservice, multipriority networks supporting

traffic with different QoS requirements. Deterministic mod-

els are used in the calculation of paths, in particular math-

ematical programming models based on MCFs, rather than

stochastic traffic models. The MCF models are only a rough

approximation in this context and, in fact, they tend to

under-evaluate the blocking probabilities. Therefore, the

authors of [7] propose an adaptation of the original model,

so as to obtain ‘corrected’ models, which provide a better

approximation in a stochastic traffic environment. A simple

technique to adapt the MCF model to a stochastic environ-

ment is the compensation of the requested values of the

flows bandwidths in the MCF model with a factor α ≥ 0.0.

With this compensation technique, the effect of the ran-

dom fluctuations of the traffic that are typical of stochas-

tic traffic models can be modeled. The higher the vari-

ability of the point processes of the stochastic model, the

higher is the need for compensation and therefore the higher

should α be. In the application example in [7], three val-

ues of α are proposed: α = 0.0 corresponds to the deter-

ministic approach; α = 0.5 is the compensation parameter

when calls arrive according to a Poisson process, service
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times follow an exponential distribution and the network is

critically loaded; and α = 1.0 for traffic flows with higher

‘variability’.

The o.f. of the routing problems in [7] are the revenues

WQ and WB, associated with QoS and BE flows, which

should be maximized. A bi-criteria lexicographic optimiza-

tion formulation is considered, so that the improvements

in WB are to be found under the constraint that the optimal

value of WQ is maintained.

In the deterministic flow-based model [7], a base matrix

T = [Ti j] with offered bandwidth values from node i to

node j [Mbit/s] is given. A multiplier ms ∈ [0.0;1.0] with

∑s∈S ms = 1.0 is applied to these matrix values to obtain

the offered bandwidth of each flow fs of service type s to

the network. In our stochastic traffic model, a matrix of

offered traffic A( fs) is obtained by transforming the base

matrix T :

A( fs) ≈
msTi j

dsu0

−α

√

msTi j

dsu0

[Erl] , (6)

if
msTi j

dsu0
> α2 and both T ( fs) = msTi j and A( fs) are high.

Otherwise,

A( fs) ≈
msTi j

dsu0

[Erl] , (7)

where u0 is a basic unit of transmission [bit/s].

In the original traffic routing model in [7], traffic split-

ting is used. This technique is not used in the model con-

sidered here.

3.2. Application of the Model to Two Different Test

Networks

The routing model was applied to the test networks G

and H , for which the topology is depicted in Fig. 2. It

has |N |= 10 nodes, with 16 pairs of nodes linked by a di-

rect arc and a total of |A | = 32 unidirectional arcs, which

means their average node degree is δ = 3.2. As their av-

erage node degree is higher, these two networks G and H

have more connectivity than networks M and E (δM = 2.5

Fig. 2. Network topology for test networks G and H [6].

and δE = 2.4), studied in [5]. Each bandwidth C′
k [Mbit/s]

of each arc k for each of the networks is shown in Tables 1

and 2, and it was obtained by employing a very simple

network dimensioning algorithm, explained below.

The test networks G and H were obtained after a redi-

mensioning of the original network O given in [6]. This

network O has a topology similar to the one in Fig. 2,

with a capacity of C′
k = 50 Mbit/s for each arc, which is

an equivalent to a capacity of Ck =
C′

k
u0

= 3125 channels, as

u0 = 16 kbit/s. The offered traffic matrix is also provided

in [6]. A routing solution using only shortest path direct

routing, typical of Internet conventional routing algorithms

is taken into account. In this routing solution, only one path

for each flow (i.e., without an alternative path) is consid-

ered. The initial solution is the same for all services s ∈S

and the unidirectional paths for any given pair of nodes are

symmetrical. The path for every flow fs 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 bot-

tleneck 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.

The dimensioning of link capacities was made as follows.

A value βs for the mean blocking probabilities for flows

of type s, Bms, is defined with a possible variation of ∆B.

The matrix of offered traffic A( fs) is obtained from the

traffic matrix T in [6] with α = 0.0 (the value of α for

which the load is higher). Considering the routing solu-

tion for network O , the mean blocking probabilities Bms

are calculated and compared with the prescribed values at

the beginning of the algorithm. If Bms > βs for service s,

then the links in paths for flows of service s will have their

capacity increased; if Bms < ∆Bβs for service s, then the

links in paths for flows of service s will have their capac-

ity decreased. The algorithm proceeds iteratively until it

converges (i.e., ∆Bβs < Bms < βs,∀s ∈ S ). In some of the

performed experiments, the algorithm oscillated between

two different solutions, which prevented it from converg-

ing. Therefore, a maximum number of runs was also es-

tablished, so as to avoid this situation.

The test networks G and H were dimensioned using this

very simple network dimensioning algorithm, for βs = 0.1

and βs = 0.12 respectively, with ∆B = 0.9. This means that

a situation of very high blocking, associated with traffic

overload for all services, was considered (for α = 0.0) in

the dimensioning operation. The aim was a comparison

of the performance of the considered static routing meth-

ods in overload conditions (α = 0.0) and in low, and very

low blocking conditions for the QoS traffic for α = 0.5

and α = 1.0. The original network O was not used in

this study because it was dimensioned for extremely low

blocking probabilities.

The traffic matrix T = [Ti j] with offered total bandwidth

values from node i to node j [Mbit/s] provided in [6] is

used as an input to the routing model considered here. The

routing model and other features proposed by [6] were not

taken into account.
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Table 1

Bandwidth of each arc C′
k, in Mbit/s, for the test network G

� 0 1 2 3 4 5 6 7 8 9

0 40.64 44.384 40.64

1 40.64 35.024

2 35.024 35.024 36.896 38.768

3 44.384 35.024 42.512 38.768

4 40.64 42.512 44.384 40.64

5 38.768 44.384 38.768

6 38.768 46.256 40.64

7 40.64 46.256 38.768

8 36.896 40.64 38.768 44.384

9 38.768 44.384

Table 2

Bandwidth of each arc C′
k, in Mbit/s, for the test network H

� 0 1 2 3 4 5 6 7 8 9

0 39.6 43.76 39.6

1 39.6 33.36

2 33.36 33.36 35.44 37.52

3 43.76 33.36 41.68 37.52

4 39.6 41.68 43.76 39.6

5 37.52 43.76 37.52

6 37.52 45.84 39.6

7 39.6 45.84 37.52

8 35.44 39.6 37.52 43.76

9 37.52 43.76

For both networks, the number of channels Ck is Ck =
⌈

C′
k

u0

⌉

,

with basic unit capacity u0 = 16 kbit/s. There are |S | = 4

service types with the features displayed in Table 3.

Table 3

Service features on the test networks G and H

Service Class
d′

s ds
ws

hs Ds
ms

[kbit/s] [channels] [s] [arcs]

1 – video QoS 640 40 40 600 3 0.1

2 – Premium data QoS 384 24 24 300 4 0.25

3 – voice QoS 16 1 1 60 3 0.4

4 – data BE 384 24 24 300 9 0.25

The values of the required bandwidth d′
s in kbit/s are also

in the table. The expected revenues for calls of type s, ws,

are equal to the required effective bandwidths ds =
d′s
u0

[channels]: ws = ds, ∀s ∈ S . The average duration of

a type s call is hs and the maximum number of arcs for

a type s call is Ds.

3.3. Routing Method Used for Comparison Purposes

Next we describe the MCF-lex-W routing model, based

on MCFs with lexicographic optimization and considering

two-path traffic splitting. This model is based on the one

in [7] and it is used as an alternative benchmarking method

for comparison with our multiobjective model. From

a theoretical point of view, and considering the concep-

tual framework developed in [3], this type of model is also

a network-wide optimization approach with features that

make it an adequate alternative method for a ‘fair’ compar-

ison with our model. The results with the method HMOR-

S2PAS considered in this paper are compared with results

from this routing procedure MCF-lex-W .

In this routing procedure, we first seek to route the QoS

traffic flows in the given network. Next, we seek to route

the BE traffic flows in a virtual network, where the arcs of

the original network have a reduced capacity given by the

original arc capacity minus the capacity used in the rout-

ing of the QoS flows. In the process of routing calculation,

the aim is the maximization of the revenue of QoS and

BE carried traffic (represented by the node-to-node offered

bandwidth), using a lexicographic optimization approach.

Traffic splitting is allowed, in situations where it is advan-

tageous. There is the possibility of dividing the required

bandwidth of each flow by multiple paths from source to

destination, allowing for a better load distribution in the

network. If the network is unable to accommodate all the

traffic that is offered, a technique of admission control based

on traffic thinning can be used, as proposed in [7].
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Considering a traffic flow of the service s represented by fs,

originated at the MPLS ingress node i and destined for the

MPLS egress node j, the bandwidth offered by that flow

to the network is T ( fs) = msTi j, as mentioned in Subsec-

tion 3.1. For each flow, a set of L( fs) feasible paths may

be obtained, L ( fs) = {p0( fs), p1( fs), · · · , pL( fs)−1( fs)}. Of

all the possible paths between i and j, the ones with a

number of arcs inferior to Ds (maximal number of arcs

established for service s calls) are feasible. In the imple-

mented model, the total bandwidth offered by flow fs may

be divided by NL = 2 of these feasible paths, allowing for

the possibility of traffic splitting. Let us define xl( fs) as

the amount of bandwidth of fs that will be offered to the

l-th path pl( fs), and yl( fs) as a binary variable, which is

equal to 1 if the l-th path is actually used and 0 other-

wise. Therefore, the following conditions have to be met,

∀ fs ∈ Fs,s ∈ S :

L( fs)−1

∑
l=0

xl( fs) ≤ T ( fs) , (8)

0 ≤ xl( fs) ≤ T ( fs), ∀l = 0, · · · ,L( fs)−1 , (9)

xl( fs) ≤ T ( fs)y
l( fs), ∀l = 0, · · · ,L( fs)−1 , (10)

L( fs)−1

∑
l=0

yl( fs) ≤ NL = 2 . (11)

The o.f. used in this routing method is the maximization

of the network revenue WT = ∑s∈S ∑ fs∈Fs ∑
L( fs)−1

l=0 wsx
l( fs)

that results from carrying the bandwidth offered by all the

traffic flows to all the feasible paths, which are actually

used. The possibility of traffic splitting should provide

a flexible distribution of the load in the network, so as to

maximize the carried traffic. This is particularly relevant in

the context of this routing model since, after establishing

the optimal routes of the QoS traffic (for which the whole

average bandwidth demand is satisfied), it is necessary to

calculate the routes for the BE traffic in the virtual residual

network, so as to maximize the BE carried traffic.

The type of problem to be solved in this routing proce-

dure is

Problem P-MCF-lex-WSSS

max

{

∑
s∈S

∑
fs∈Fs

L( fs)−1

∑
l=0

wsx
l( fs)

}

subject to conditions (8)–(11) and

vk ≤C′
k,∀k ∈ A ,

vk = ∑
s∈S

∑
fs∈Fs

L( fs)−1

∑
l=0

al
k( fs)x

l( fs),∀k ∈ A ,

where al
k( fs) is a binary variable equal to 1 if the link k

belongs to pl( fs), the l-th path for flow fs, and 0 otherwise.

The parameter vk is the total load carried in each arc k ∈A .

The routing calculation approach in the case where QoS

and BE traffic classes coexist uses a lexicographic formu-

lation as the one in [7].

Firstly, the problem P-MCF-lex-WSQ
is solved, and only

the QoS traffic is considered. As a result, the values

xl( fs),∀l = 0, · · · ,L( fs)− 1, fs ∈ Fs,s ∈ SQ are obtained,

which give the amount of bandwidth that is routed in each

of the feasible paths for each of the QoS flows. Also, as

a result of this problem, an information on vk is obtained.

Let this load be represented by vk(Q).

Secondly, the problem P-MCF-lex-WSB
is solved, that is,

only the BE traffic is considered. In this second problem,

a virtual network consisting of the same links but with

residual capacities C′
k − vk(Q),∀k ∈ A is considered. The

possibility of BE traffic thinning was considered, as the net-

work has a reduced arc capacity and there is the possibility

that not all the BE traffic flows may be carried.

After the resolution of the second problem, the values

xl( fs),∀l = 0, · · · ,L( fs)− 1, fs ∈ Fs,s ∈ SB are obtained,

which gives us the amount of bandwidth that is routed in

each of the feasible paths for each of the BE flows.

The resolution of both problems was performed by CPLEX

12.3.

Once both problems have been solved, the traffic represen-

tation model is transformed in order to obtain an approxi-

mation suitable to a stochastic traffic environment, hence

enabling a comparison with the o.f. values obtained by

HMOR-S2. This adaptation is performed as in [7] and

considers three different values for the compensation pa-

rameter α (see explanation in Subsection 3.1). A matrix

of offered traffic in Erlang is obtained by a transformation

similar to Eqs. (6)–(7), that is

Al( fs) ≈
xl( fs)
dsu0

−α
√

xl( fs)
dsu0

[Erl] if
xl( fs)
dsu0

> α2 ,

Al( fs) ≈
xl( fs)
dsu0

[Erl], otherwise .

The arc capacity C′
k in Mbit/s (see Tables 1 and 2) is con-

verted to a capacity of Ck =
⌈

C′
k

u0

⌉

channels. Once the of-

fered traffic in Erlang and the arc capacities in circuits are

known, the blocking probability for each offered flow in

this stochastic environment may be calculated.

The blocking probabilities Bks, for micro-flows of service

type s in link k, are calculated as in Eq. (5). Afterwards,

the blocking of each flow along its path is obtained, Bl( fs).
As the offered traffic is also known, the calculation of

the o.f. may be performed as in Eqs. (1)–(4). For further

details, see Subsection 2.1.

3.4. Analytical Results

An analytical study was performed, where results using just

a basic version of the heuristic without storage of current

non-dominated solutions, HMOR-S2, were obtained. In

these runs of the basic heuristic, the initial solution con-

sists of the shortest path direct routing, typical of Internet
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Table 4

Average o.f. values with 95% confidence intervals, for simulations with the routing plan obtained

with the different heuristic strategies in network G

MCF-lex-W Routing method proposed by the authors

Obj. method Initial HMOR-S2 (Basis) HMOR-S2PAS(i) HMOR-S2PAS(f)

func. solution solution Analytical Static routing model Analytical Static routing model Analytical Static routing model

α = 0.0

WQ 20907.71⊳ 20859.85 21686.92* 21686.05±37.51 21688.63⋄ 21688.42±36.97 21690.16⋆ 21690.52±37.22

BMm|Q 0.110 0.110 0.00661 0.00756±0.000848 0.00595 0.00679±0.00105 0.00545 0.00619±0.00119

Bm1|Q 0.110 0.110 0.00661 0.00756±0.000848 0.00595 0.00679±0.00105 0.00545 0.00619±0.00119

Bm2|Q 0.0636 0.0689 0.000453 0.000892±0.000159 0.000480 0.000881±0.000152 0.000465 0.000828±0.000124

Bm3|Q 0.00236 0.00308 0.000274 0.000293±2.30·10−5 0.000273 0.000288±1.86·10−5 0.000275 0.000288±2.64·10−5

BM1|Q 0.242 0.555 0.0684 0.0677±0.00869 0.0532 0.0653±0.0140 0.0613 0.0771±0.0117

BM2|Q 0.147 0.378 0.00302 0.00700±0.00134 0.00756 0.00869±0.00131 0.00699 0.00794±0.00174

BM3|Q 0.00622 0.0190 0.00312 0.00316±0.000298 0.00311 0.00317±0.000333 0.00287 0.00288±0.000312

WB 6918.87 6738.68 7167.15 7168.36±12.05 7163.81 7166.23±10.85 7158.14 7161.10±11.67

α = 0.5

WQ 17678.97⊲ 17611.81 17685.88† 17683.53±15.54 17685.89• 17683.53±15.54 17685.89⊙ 17683.53±15.54

BMm|Q 0.00158 0.0160 1.13·10
−5 9.90·10

−7 ±7.83·10−7 1.13·10
−5 9.47·10

−7 ±7.67·10−7 1.04·10
−5 8.59·10

−7 ±8.23·10−7

Bm1|Q 0.00158 0.0160 1.13·10−5 0 1.13·10−5 0 1.04·10−5 0

Bm2|Q 0.000864 0.00926 3.3·10−9 0 3.3·10−9 0 7.2·10−9 0

Bm3|Q 2.68·10−5 0.000371 8.93·10−7 9.90·10−7 ±7.83·10−7 8.14·10−7 9.47·10−7 ±7.67·10−7 6.25·10−7 8.59·10−7 ±8.23·10−7

BM1|Q 0.00485 0.147 0.000143 0 0.000143 0 0.000128 0

BM2|Q 0.00273 0.0866 1.03·10−7 0 1.03·10−7 0 4.45·10−7 0

BM3|Q 9.52·10−5 0.00353 4.52·10−6 2.24·10−5 ±1.72·10−5 4.46·10−6 2.24·10−5 ±1.72·10−5 4.46·10−6 2.24·10−5 ±1.72·10−5

WB 5275.03 5247.65 5296.56 5297.19±12.83 5296.56 5297.19±12.83 5296.57 5297.18±12.84

α = 1.0

WQ 16028.11× 16025.69 16028.14‡ 16077.61±15.03 16028.14� 16077.61±15.03 16028.14⊗ 16077.61±15.03

BMm|Q 6.45·10
−6 0.000577 5·10

−10 0 5·10
−10 0 5·10

−10 0

Bm1|Q 6.45·10−6 0.000577 5·10−10 0 5·10−10 0 5·10−10 0

Bm2|Q 3.79·10−6 0.000334 <1·10−10 0 <1·10−10 0 <1·10−10 0

Bm3|Q 1.00·10−7 1.16·10−5 <1·10−10 0 <1·10−10 0 <1·10−10 0

BM1|Q 4.81·10−5 0.00650 1.27·10−8 0 1.27·10−8 0 1.27·10−8 0

BM2|Q 2.38·10−5 0.00347 <1·10−10 0 <1·10−10 0 <1·10−10 0

BM3|Q 7.62·10−7 0.000123 2·10−10 0 2·10−10 0 2·10−10 0

WB 3340.47 3354.76 3355.88 3350.97±24.92 3355.88 3350.97±24.92 3355.88 3350.97±24.92

MCF-lex-W method solution: ⊳) 96.29%; ⊲) 99.96%; ×) 99.75% of W ideal
Q (the ideal revenue extracted from the data in [6]);

HMOR-S2: *) 99.88%; †) 100%; ‡) 99.75% of W ideal
Q ; HMOR-S2PAS(i): ⋄) 99.89%; •) 100%; �) 99.75% of W ideal

Q ; HMOR-S2PAS(f):

⋆) 99.90%; ⊙) 100%; ⊗) 99.75% of W ideal
Q .

conventional routing algorithms, such as the ones used in

the network dimensioning algorithm. In further analytical

studies, two different types of tests were conducted for the

heuristic HMOR-S2PAS:

• (i) tests: the initial solution is a solution typical of

Internet conventional routing algorithms, such as the

one used in the basic version runs.

• (f) tests: the initial solution of the HMOR-S2PAS

heuristic is the routing plan obtained at the end of

the basic heuristic runs for each specific α . With

this experiment, it is possible to check whether that

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).

The multiobjective routing model in [6] is quite different

from the one considered here, so no results concerning

any of the o.f. considered here is provided in [6]. The

only results that can be extracted from the proposed model

in [6] are approximate ideal values for the QoS flows rev-

enue, W ideal
Q . The analytical results concerning the QoS

flows revenue WQ were compared with these approximate

ideal values.

The experiments with the HMOR-S2PAS were conducted

with an archive of size 5, chosen empirically after exten-

sive experimentation. This experimentation showed 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.
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Table 5

Average o.f. values with 95% confidence intervals, for simulations with the routing plan obtained with the different

heuristic strategies in network H

MCF-lex-W Routing method proposed by the authors

Obj. method Initial HMOR-S2 (Basis) HMOR-S2PAS(i) HMOR-S2PAS(f)

Func. solution solution Analytical Static routing model Analytical Static routing model Analytical Static routing model

α = 0.0

WQ 20602.28⊳ 20358.90 21576.67* 21559.04±31.57 21578.99⋄ 21563.15±32.06 21616.01⋆ 21597.91±30.13

BMm|Q 0.147 0.169 0.0287 0.0306±0.00147 0.0299 0.0315±0.00131 0.0224 0.0245±0.00175

Bm1|Q 0.147 0.169 0.0287 0.0306±0.00147 0.0299 0.0315±0.00131 0.0224 0.0245±0.00175

Bm2|Q 0.0891 0.111 0.00456 0.00696±0.000526 0.00410 0.00641±0.000370 0.00341 0.00580±0.000523

Bm3|Q 0.00346 0.00536 0.00171 0.00170±7.97·10−5 0.00148 0.00147±6.86·10−5 0.000596 0.000601±4.99·10−5

BM1|Q 0.272 0.711 0.150 0.177±0.0194 0.330 0.312±0.0295 0.146 0.157±0.0231

BM2|Q 0.167 0.518 0.0162 0.0289±0.00289 0.0180 0.0304±0.00572 0.0145 0.0215±0.00229

BM3|Q 0.00699 0.0293 0.00828 0.00822±0.000302 0.00964 0.00959±0.000348 0.00362 0.00376±0.000476

WB 6724.15 6434.17 6877.69 6886.47±9.03 6905.99 6914.48±11.01 6927.67 6935.83±10.55

α = 0.5

WQ 17670.25⊲ 17419.40 17685.66† 17683.32±15.58 17685.66• 17683.32±15.57 17685.82⊙ 17683.45±15.55

BMm|Q 0.00297 0.0558 0.000120 9.19·10
−5 ±0.000133 0.000120 9.16·10

−5 ±0.000133 4.86·10
−5 4.55·10

−5 ±0.000109

Bm1|Q 0.00297 0.0558 0.000120 8.52·10−5 ±0.000138 0.000120 8.52·10−5 ±0.000138 4.86·10−5 4.28·10−5 ±0.000110

Bm2|Q 0.00178 0.0335 2.91·10−7 0 2.91·10−7 0 1.78·10−7 0

Bm3|Q 5.69·10−5 0.00143 8.46·10−6 1.03·10−5 ±2.40·10−6 7.99·10−6 9.89·10−6 ±2.41·10−6 2.27·10−6 3.28·10−6 ±1.41·10−6

BM1|Q 0.0139 0.327 0.00213 0.00392±0.00708 0.00213 0.00392±0.00708 0.000910 0.00273±0.00702

BM2|Q 0.00753 0.205 1.69·10−6 0 1.69·10−6 0 9.58·10−7 0

BM3|Q 0.000271 0.00906 4.95·10−5 8.06·10−5 ±8.38·10−6 4.87·10−5 8.04·10−5 ±8.65·10−6 1.61·10−5 3.56·10−5 ±9.78·10−6

WB 5243.12 5119.13 5295.37 5295.90±13.14 5295.37 5295.90±13.14 5295.76 5296.16±13.30

α = 1.0

WQ 16024.58× 15998.35 16028.14‡ 16077.61±15.03 16028.14� 16077.61±15.03 16028.14⊗ 16077.61±15.03

BMm|Q 2.47·10
−5 0.00678 2.19·10

−8 0 2.19·10
−8 0 1.78·10

−8 0

Bm1|Q 2.47·10−5 0.00678 2.19·10−8 0 2.19·10−8 0 1.78·10−8 0

Bm2|Q 1.25·10−5 0.00416 <1·10−10 0 <1·10−10 0 <1·10−10 0

Bm3|Q 3.76·10−7 0.000153 1.7·10−9 0 1.6·10−9 0 1.6·10−9 0

BM1|Q 0.000100 0.0530 4.76·10−7 0 4.76·10−7 0 4.76·10−7 0

BM2|Q 7.07·10−5 0.0298 <1·10−10 0 <1·10−10 0 <1·10−10 0

BM3|Q 2.25·10−6 0.00113 1.10·10−8 0 1.10·10−8 0 1.10·10−8 0

WB 3314.37 3341.90 3355.88 3350.97±24.92 3355.88 3350.97±24.92 3355.88 3350.97±24.92

MCF-lex-W method solution: ⊳) 94.89%; ⊲) 99.91%; ×) 99.73% of W ideal
Q (the ideal revenue extracted from the data in [6]);

HMOR-S2: *) 99.37%; †) 100%; ‡) 99.75% of W ideal
Q ; HMOR-S2PAS(i): ⋄) 99.39%; •) 100%; �) 99.75% of W ideal

Q ; HMOR-S2PAS(f):

⋆) 99.56%; ⊙) 100%; ⊗) 99.75% of W ideal
Q .

The analytical results displayed in Tables 4 and 5 were

obtained in approximately 47 s (on average) in a Linux en-

vironment on a Pentium 4 processor with 3 GHz CPU and

1 GB of RAM. In the tables, the values obtained for WQ,

BMm|Q and WB are highlighted, as they are the most inter-

esting o.f. (from a traffic engineering perspective) in the

two priority levels.

A comparison of the results obtained with the MCF-lex-W

approach (described in Subsection 3.3) and the heuristic

proposed by the authors shows that the latter approach pro-

vides consistently better values for all the o.f. in most

cases. This improvement is particularly relevant concern-

ing the ‘fairness’ QoS o.f. BMm|Q as could be expected

having in mind the nature of our model, which explicitly

considers this parameter as an o.f. These results put also in

evidence the superiority, especially concerning QoS related

performance parameters, of a model such as ours, which

has not only an imbedded stochastic representation of the

traffic flows, but also a consistent (albeit approximate) and

complete representation of the interactions among all traf-

fic flows of all types. This is naturally something that the

MCF-lex-W approach cannot provide, although leading to

very similar values for the QoS traffic revenue. Notice that

for lower traffic loads (α = 0.5 and α = 1.0), the values of

WQ and WB are very similar in both methods. This can be

explained by the fact that in these situations, correspond-

ing to low and extremely low blocking probabilities the

effects of the stochasticity of the traffic are attenuated or

even negligible, as indeed reflected by the values of the

blocking probability related parameters in Tables 4 and 5.

Regarding the analytical results with the heuristic variants

considered by the authors, Tables 4 and 5 enable two dif-
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ferent comparative analysis. Since in HMOR-S2PAS(i), the

initial solution is the same as the one used in the basic

heuristic HMOR-S2, the tables allow for a comparison of

the final analytical results obtained with HMOR-S2 and

HMOR-S2PAS. As for the PAS(f), the initial solution has

the o.f. values shown in the table under HMOR-S2 (Basis),

so that a comparison of the initial and the final analytical

results with HMOR-S2PAS can be made.

The final analytical results for the upper level o.f. are the

same or show an improvement on the ones obtained with

the basic heuristic, for all the values of α , for both versions

of the heuristic HMOR-S2PAS. For this reason, and also

taking into account that using the archive does not lead

to an increase in the execution time, the heuristic HMOR-

S2PAS can be considered as a better approach for solving

the routing problem. In particular, the (f) version (a run of

the basic heuristic HMOR-S2 followed by a run of the PAS

variant) provides improved results for WQ and BMm|Q for

the routing problem under analysis especially for α = 0.0,

which corresponds to higher overload situations.

For α = 0.0, the results for HMOR-S2PAS(f) show that

there was a minor improvement in the QoS flows revenue

obtained with HMOR-S2, of 0.02% and 0.18% in Table 4

and 5, respectively; as for the improvement in the BMm|Q

value, it was significant: 17.55% and 21.95% for networks

G and H , respectively. For α = 0.5 and α = 1.0, the re-

sults are practically the same for all the versions of the

heuristic. However, note that for α = 0.5 the HMOR-

S2PAS(f) variant allowed for an improvement on the value

of BMm|Q in both networks.

The results presented in both tables confirm the advan-

tages of using a Pareto archive strategy. In the situations

of higher blocking (α = 0.0), the use of this strategy leads

to an improvement on the values of the first level o.f. of

the routing model, especially for the blocking probability

values BMm|Q. In the situations of lower blocking proba-

bility (α = 0.5 and α = 1.0), the main advantage of using

the Pareto archive is the increased insensitivity to the initial

solution, because for both networks the final solutions ob-

tained with HMOR-S2PAS(i) and HMOR-S2PAS(f) are quite

close or even the same. It should be noted that the dif-

ference between HMOR-S2PAS(i) and HMOR-S2PAS(f) is

simply the initial solution.

3.5. Simulation Results

Simulation experiments with a static routing method us-

ing the solution provided by the heuristic were carried

out. With this simulation study, the routing model results

may be validated and the errors intrinsic to the analytical

model, which provides the estimates for the o.f. may be

evaluated.

A discrete-event stochastic simulation platform was used

with the static routing model. The routing plan is the final

solution obtained after one of the heuristic versions was run,

and it does not change throughout the simulation, regardless

of the random variations of traffic offered to the network.

An initialization phase that lasts for a time twarm−up is fol-

lowed by a phase of data collection: information on the

number of offered calls and carried calls in the network for

each flow fs,s ∈ S , is gathered, until the end of the sim-

ulation. Considering this information, B( fs),∀s ∈ S can

be estimated. Subsequently, the values of the upper and

lower level o.f. related to blocking probabilities can also be

estimated. The number of carried calls in the network is

used to estimate the expected revenues.

In Tables 4 and 5, the analytical values and the simulation

results (average value ± half length of a 95% confidence

interval, computed by the independent replications method,

see e.g. [19]) of each o.f. are displayed. The simulation

results displayed in the table were obtained with a total

simulated time ttotal = 48 h and a warm-up time twarm−up =
8 h. It took about 30 minutes of CPU time to get the results

for both networks, in the computer mentioned earlier.

The analytical results and the corresponding static routing

model simulation results have similar magnitude, with the

analytical results slightly better than expected. The an-

alytical and the simulation results for WQ are close and

the analytical result for that o.f. is inside the 95% confi-

dence interval for all the heuristic versions for α = 0.0 and

α = 0.5. For α = 1.0, the analytical value of WQ is actu-

ally worse than the corresponding simulation result. Notice

that α = 1.0 corresponds to a situation of lower traffic load,

where in many instances all the offered calls of a certain ser-

vice are actually carried. In these situations, the blocking

estimate for that service is 0 and high values of the estimate

of WQ are obtained, surpassing the analytical values. Note

that in lower traffic load situations (α = 0.5 and α = 1.0),

the occurrence of blocking is a rare event. A well known

result in statistics is that in these cases the uncertainty in the

estimates is very high, as reflected in the very high relative

half length of the calculated 95% confidence intervals of

the blocking probabilities. Also for the situations of lower

traffic load the simulation results for BMm|Q are better than

the corresponding analytical value, again because of the

many instances throughout the executed simulations where

the blocking estimate for a certain service is 0.

The simulation and analytic results are different mainly

due to the imprecisions/inaccuracies intrinsic to the an-

alytic/numerical resolution, in particular those associated

with the simplifications of the traffic model, and the asso-

ciated error propagation. In this model, the overflow traffic

is treated as Poisson traffic and as a result, the analytical

model is simplified and tends to underestimate the blocking

probabilities in the network (and to overestimate the rev-

enues). The errors resulting from this simplification propa-

gate throughout the complex and lengthy numerical calcu-

lations associated with the resolution, for a great number of

times, of the large systems of implicit non-linear equations

used to calculate Bks and c
Q(B)
ks . Another simplification as-

sumed in the stochastic model for the traffic in the links

is the superposition of independent Poisson flows and in-

dependent occupations of the links. However, we believe

that the approximations in this model can be considered

appropriate in this context for practical reasons. In fact, if
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more complex models were used to represent the traffic and

to calculate the blockings, the computational burden would

become too heavy. Plus, these errors do not compromise

the inequality relations between the o.f. values, the compar-

ison of which is at the core of the multiobjective routing

optimization method. In fact, when the results obtained

with the basic heuristic HMOR-S2 and with HMOR-S2PAS

are compared, we observe a coherence in the analytical and

simulation results, 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.

4. Conclusions and Further Work

This work began with a revision of a hierarchical bi-level

multiobjective routing model in MPLS networks consid-

ering alternative routing, two classes of service (with dif-

ferent priorities in the optimization model) and different

types of traffic flows in each class. The resolution of this

very complex routing optimization model was performed by

a heuristic, HMOR-S2PAS, which was also reviewed. This

procedure maintains the resolution framework of a previous

heuristic, HMOR-S2, but introduces and treats in a spe-

cial manner an archive of possible good solutions found

throughout the execution of the heuristic.

The heuristic approaches HMOR-S2 and HMOR-S2PAS

were applied to two new test networks, G and H , ob-

tained by a transformation of an original network in [6].

Various traffic matrices were considered, so as to include

in the study different situations of higher and lower traffic

load.

The analytical results for the different o.f. obtained with

both heuristic variants (without and with the Pareto archive)

were compared. The values of WQ were also compared with

the approximate ideal values obtained with the traffic matrix

provided by [6] and offered to networks G and H .

Furthermore, a comparison of the results obtained with the

proposed heuristic HMOR-S2PAS with results from a rout-

ing method based on a MCF approach, with lexicographic

optimization and the possibility of traffic splitting, similar

to the one in [7] was carried out. The results show that the

HMOR-S2PAS method provides consistently better values

for all the o.f. in most cases. In particular, the results for

the ‘fairness’ QoS o.f. BMm|Q are significantly better with

the proposed heuristic (where this parameter is explicitly

considered as an o.f.).

Concerning QoS related performance parameters, we may

conclude that the stochastic representation of the traffic

flows and the complete representation of the interactions

among all traffic flows of all types in our model allow for

better results. Nevertheless, notice that the values of WQ

and WB are very similar in both methods for lower traffic

loads (α = 0.5 and α = 1.0), due to the attenuated ef-

fects of the stochasticity of the traffic in these situations,

corresponding to low and extremely low blocking prob-

abilities.

The results show that the heuristic with an archive of non-

dominated solutions is always advantageous, both when the

blocking is higher (in this situation HMOR-S2PAS tends to

provide improved results for the routing problem) and lower

(in this situation HMOR-S2PAS tends to give an increased

insensitivity to the initial solution).

A more exact evaluation of the results of the heuristic was

accomplished with a discrete-event simulation platform. In

most cases, the analytical results and the static routing

model simulation results have similar magnitude. The dif-

ferences between them are due to inaccuracies intrinsic to

the analytic/numerical resolution, but which have not any

influence in the final routing solutions.

We conclude that the results obtained with analytic and

stochastic discrete-event simulation models confirm the ef-

fectiveness of the HMOR-S2PAS approach to route calcula-

tion and selection in multiservice networks.

An important remark is that the PAS variant is not more

complex than the basic heuristic. Nevertheless, the compu-

tational burden of either resolution approach is still heavy.

This is the major limitation of this type of routing method

and, as so, its potential practical application is currently re-

strained to networks with a limited number of nodes, such

as the core and intermediate (metro-core) level networks of

low dimension.

Further simplifications and improvements in the heuristic

resolution approaches will be the focus of future work.

The extension of the model to broader routing principles

(such as probabilistic load sharing or traffic splitting) and

an adaptation of the model, so that it can be applied to test

networks based on actual MPLS networks are also possible

subjects of future work.
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