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Abstract—Establishing end-to-end connections on wavelength
division multiplexing (WDM) networks requires setting up
lightpaths, defining the sequence of optical fibres and the
wavelength in each fibre (the routing and wavelength assign-
ment problem) for traffic flow. This paper reviews a bicriteria
model for obtaining a topological path (unidirectional or sym-
metric bidirectional) for each lightpath request in a WDM
network, developed by the authors, and presents a perfor-
mance analysis of the model by considering important network
performance measures. An extensive performance analysis of
the two bicriteria model is presented, comparing the perfor-
mance metrics obtained with the monocriterion models using
the same objective functions, in five different reference net-
works commonly used in literature.

Keywords—multicriteria optimization, routing in WDM net-
works.

1. Introduction

1.1. Background Concepts

All-optical networks based on wavelength division mul-
tiplexing (WDM) have emerged as a promising technol-
ogy for network operators to respond to an increased de-
mand for broadband services, exploiting the huge band-
width of optical fibres. All-optical networks based on wave-
length division multiplexing consist of optical fibre links
and nodes, and the WDM scheme divides the optical band-
width into independent channels, each one with a different
wavelength, operating at transmission rates compatible with
the lower capacity of the end user’s devices. Each node in
a all-optical network has a dynamically configurable optical
switch or router which supports wavelength based switch-
ing or routing. Configuring these optical devices across the
network enables that node pairs can establish point-to-point
all-optical connections, or lightpaths, for information trans-
fer. A lightpath may span several fibre links and consist of
wavelength channels in the sequence of this links, intercon-
nected at the nodes by means of optical routing. In order
to establish a lightpath, the network needs to decide on the
topological route and the wavelength(s) for the lightpath.
In the absence of wavelength converters, a lightpath must
use the same wavelength on all the links of its route (the
wavelength continuity constraint), but wavelengths can be
reused by different lightpaths in the network, as long as
they do not share any fibre link.
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Given a set of connection requests, the problem of setting
up lightpaths by defining a path and assigning a wavelength
to each of its links for every connection is called the routing
and wavelength assignment (RWA) problem.

If the network nodes have wavelength converters, it is
possible to assign different wavelengths on the multiple
links of the lightpath. As a result, the wavelength conti-
nuity constraint is relaxed, thereby increasing the possi-
ble number of lightpaths that can simultaneously be es-
tablished in the network. However, since wavelength con-
verters are costly and may cause signal quality degrada-
tion, often no wavelength converters are used or only some
nodes have this capability. The converter configuration of
the network is called full if all nodes have wavelength con-
verters and sparse if only a part of the nodes have them.
Obviously, wavelength conversion leads to lower blocking
probabilities, but, in practice, some works have shown that
with only a small number of converters placed in strategic
locations, a significant performance improvement can be
achieved [1]. On the other hand, when a node is capa-
ble of converting a wavelength to any other wavelength,
the node is said to have complete conversion capability. If
a node is able to convert an incoming wavelength to only
a subset of available wavelengths, the node is said to have
limited or partial conversion capability. A wavelength con-
verter is said to have a conversion degree D, if it can shift
any wavelength to one of D wavelengths.

Multi-fibre networks use several fibres per link. Consid-
ering that the nodes have no wavelength converters, the
possibilities of finding a lightpath satisfying the wavelength
continuity constraint is higher than in single fibre networks.
A multi-fibre network with F fibres per link and W wave-
lengths per fibre is functionally equivalent to a single-fibre
network with F x W wavelengths and conversion degree
of F [2].

Connection requests are usually considered to be of three
types: static, incremental, and dynamic [3]. Regarding
static traffic, the entire set of connections is known in ad-
vance, and the problem is then to set up lightpaths for
these connections seeking to minimize network resources
such as the number of wavelengths or the number of fibres
in the network. In this case the RWA problem is known as
the static lightpath establishment (SLE) problem. Concern-
ing incremental-traffic, connection requests arrive sequen-
tially, a lightpath is established for each connection, and
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the lightpath remains in the network indefinitely. In the
case of dynamic traffic, a lightpath is set up for each con-
nection request as it arrives, and the lightpath is released
after some finite amount of time. The objective in the in-
cremental and dynamic traffic cases is to set up lightpaths
and assign wavelengths seeking to minimize the amount of
connection blocking, or to maximize the number of connec-
tions that are established in the network at any time. This
problem is designated as the dynamic lightpath establish-
ment (DLE) problem. The SLE problem can be formulated
as an integer linear program [4], which is known to be
NP-complete [5].

In order to make the RWA problem more tractable, it can
be divided into two sub-problems — routing and wavelength
assignment, so that each sub-problem can be solved sep-
arately. Nevertheless note that each sub-problem is still
NP-complete [5].

Routing methods in WDM networks can be classified into
two types: static routing and adaptive routing. Static rout-
ing encompasses fixed routing and fixed-alternate routing.
In fixed routing the same fixed route for a given source-
destination pair remains unchanged throughout time. The
fixed-alternate routing scheme pre-computes a set of paths
between each source-destination pair, and for each request,
a path from this pre-computed set is chosen. Adaptive
routing involves a dynamical search for a path when a con-
nection request arrives, taking into account the current
state of the network. Therefore in general, adaptive rout-
ing gives better blocking performance than fixed-alternate
routing [3].

A wavelength assignment algorithm is used to determine
the wavelengths in the arcs along the path chosen in the
routing step. Many wavelength assignment algorithms have
been proposed such as random, first fit, most-used, least-
used, least-loaded, max-sum, min-product, and relative ca-
pacity loss schemes [3].

In most approaches presented in the literature, routing
and wavelength assignment are optimized separately by
considering a decomposition of the global RWA problem
through heuristic algorithms, because these problems are
NP-complete. However, some algorithms consider the rout-
ing and the wavelength assignment jointly [6], [7].

Many different integer linear programming (ILP) formula-
tions have been proposed for the RWA problem in WDM
optical networks, under different objectives. However, al-
though those formulations lead to exact solutions, most of
the times they have not been used for developing solu-
tion schemes except for very small networks or for some
rounding off procedures [8]. Examples of monocriterion
approaches to the RWA problem, considering different met-
rics as objective functions are in the references: [3], [4],
(61, [71, [91-[12].

1.2. Multicriteria Models

In general routing protocols only optimize one metric,
typically using some variant of a shortest path algorithm.
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However all-optical WDM networks can be characterized in
terms of performance by multiple metrics. Also the design
of real networks usually involves multiple, often conflict-
ing objectives and various constraints. The development
of multicriteria models that explicitly represent the differ-
ent performance objectives, enabling to treat in a consistent
manner the trade off among the various criteria, seems to be
potentially advantageous in face of the inherent limitations
of single objective approaches.

Note that in models involving explicitly multiple and con-
flicting criteria, the concept of optimal solution is re-
placed by the concept of non-dominated solutions. A non-
dominated solution is a feasible solution such that no im-
provement in any criterion may be achieved without sacri-
ficing at least one of the other criteria.

A state-of-art review on multicriteria approaches in com-
munication networks was presented in [13], including a sec-
tion dedicated to routing models. A recent review on mul-
ticriteria routing models can be seen in [14].

In [15] two different criteria, path length and congestion in
the network, are considered and applied sequentially (the
second metric is only used if a tie occurs in the first one).
Two algorithms for dynamic traffic were proposed: least
congested shortest hop routing where priority is given to
efficient resource utilization (the algorithm selects the least
congested path among all shortest hop paths currently avail-
able); and shortest hop least congested routing in which
priority is given to maintaining the load balance in the net-
work (it selects the shortest hop path among all the least
congested paths). This type of models may be consid-
ered as a first-tentative multicriteria approach as analyzed
in [13].

In [16] a set of link disjoint routes for each node pair,
in a network with dynamic traffic, is pre-computed. Then
the weighted least-congestion routing and first-fit wave-
length assignment algorithm, which includes two criteria
(hop count and free wavelengths), combined in a single
weighted metric, is used to rank the paths. The same ap-
proach was proposed earlier in [17], which tries to min-
imize the resource utilization while simultaneously bal-
ancing the traffic load in the links. Nonetheless [17] only
considers networks with full wavelength conversion. These
models, which consider as solution of the bicriteria prob-
lem the optimal solution of the single objective function
resulting from the weighted sum of the considered cri-
teria, do not take full advantage of the possibilities of
multicriteria approaches and may lead to less effective
solutions.

A bicriteria model for obtaining a topological path (uni-
directional or symmetric bidirectional) for each lightpath
request in a WDM network with multi-fibre links and an
exact resolution approach for that model was presented by
the authors in [18]. The first criterion is related to band-
width usage in the links (or arcs) of the network. The sec-
ond criterion is the number of links (hops) of the path. The
resolution approach [18] uses an exact procedure to calcu-
late non-dominated topological paths based on a k-shortest
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path algorithm [19] which is based on an adaptation of the
MPS algorithm [20]. Furthermore, preference thresholds,
defined in the objective function’s space, combined with
a Chebyshev distance to a reference point [21] are used for
selecting the final solution. The solution of this bicriteria
model is a non-dominated topological (optically feasible)
path. A heuristic procedure is then used to assign wave-
lengths to the links.

The focus of this paper is to present an extensive and sys-
tematic performance analysis study of the bicriteria routing
model [18] with respect to certain network performance
measures by comparison of their results with the results of
the associated single objective models, one related to the
bandwidth usage and another that minimizes the number
of used links (hop count). An incremental traffic model
(where the duration of the connections is assumed unlim-
ited) will be considered in several benchmark networks used
in previous works in the area of WDM networks. The se-
lected network performance measures are: the frequency
of rejected requests (global blocking probability estimate),
total used bandwidth, mean hop count of accepted requests,
percentage of links with minimal free bandwidth, the av-
erage CPU time per request, and the percentage of non-
optimal solutions.

The paper is organized as follows. In Section 2 the model
without protection is described, together with the resolution
approach of the bicriteria model. Performance analysis of
the results obtained using several network topologies are
presented and discussed in Section 3. Finally, some con-
clusions are drawn in Section 4.

2. The Bicriteria Routing Model

2.1. Model Description

In this section we review the features of the bicriteria
routing model associated with the dynamic lightpath es-
tablishment problem with incremental traffic, in a WDM
network, proposed in [18]. The model was developed for
application in large WDM networks, with multiple wave-
lengths per fibre and multi-fibres per link. The bicriteria
routing model considers the DLE problem with incremen-
tal traffic, and a mixture of unidirectional and bidirectional
(symmetric) connections. In order to cover a wide variety
of networks, different types of nodes are considered (with
complete wavelength conversion capability, limited range
conversion or no wavelength conversion capability) in the
model. Due to the real-time nature of the intended appli-
cation, solutions should be obtained in a short time. This
requirement lead to the separation of the routing and wave-
length assignment problems, having in mind an automatic
selection of the solution (among the non-dominated solu-
tions, previously identified). The wavelength assignment
problem is solved separately, after the bicriteria routing
problem.
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Let R={N,L,C,Ty} represent the WDM network where:
e N is the set of nodes, N = {v,va,...,v,}, n =#N.

e L is the set of directed arcs, L ={ly,lp,...,ly}, m=
#L.

Set of wavelengths, A = {4;,A2,...,Aw}, W =#A.

e Set of fibres, F ={f1,/2,..., [k}, k =#F.
o Let l; = (va,vp,01), 01, = (01,1,01,25---,01k) VasVp €
N.

If o,; = (1,a;)(j = 1,2,...,k), then fibre f; belongs
to arc /; and contains the wavelengths signalled in
aj, aj = (ajl,ajz,...,ajw) where aj, =0,1,2 (u=
1,2,...,W):

0, if A, does not exist in fibre f;
1, if A, exists and is free in fibre f; . (1)
2, if A, exists but is busy in fibre f;

Ajy=

If 0,; = (0,a;) (j=1,2,...,k), fibre f; does not be-
long to arc /;.

e C is the arc capacity, C(I;) = (71}, by,), with 71, = (ny,1,
nia,... ,nliw) and bli = (blil s bliz, . 7bl,~W) where nyj
is the total number of fibres in arc /; with wavelength
A; and by,; is the number of fibres where that wave-
length is free in arc /;.

e Ty(v;) is a table for each node v; € N which represents
the wavelength conversion capability of the nodes,
that is the possibility of transferring the optical signal
from one input A; to an output A; in the node:

Tv(vi) =[tw], YWiENuv=12,....W, (2

where 1, = 1(0) whether (or not) 4, can be converted
into A,, in node v;.

A topological path, p in R, is described by: a source node,
a destination node (vg,v; € N) and the ordered sequence of
nodes and arcs in the path, p = (vi,l1,va,...,vi—1,li—1,Vvi),
such that the tail of arc [ is v, and the head of I is vi1,
for k=1,2,...,i—1 (all the v; in p are different).

Besides the ordered sequence of nodes and arcs, a light-
path p)L also comprises the fibre used in each arc and the
wavelength on the fibres:

p)L = <l:aal;> = <(VS;vuaﬁ7)~O£)7"'a(vxvvlafjaz’ﬁ» (3)

where fi,...,fj € F, Aa,...,Ag € A, represent fibres and
wavelengths, respectively.

Note that [} corresponds to I, = (vy,vy,d;,) which implies
o = (1,a;) and if a;o = 1 then a;q will change from 1 to 2
if p7L is selected.

A bidirectional lightpath p* = (p’,pl) is supported by
a bidirectional topological path p = (pg,p:s), which is
a pair of symmetrical topological paths.

Firstly we will describe the bicriteria model used for cal-
culating topological paths.
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The first objective function, ¢;(p) is related to the band-
width usage in the links of the path p and is expressed in
the inverse of the available bandwidth in the links:

. 1
%B{Cl(p) lg’,bf} ’ “4)
where D is the set of topological paths for the origin—
destination node pair and b,T is the total available capacity
in link /, in terms of available wavelengths. This criterion
seeks to avoid already congested links, favoring a balanced
distribution of traffic throughout the network, and hence
decreasing the blocking probability and therefore increased
the expected revenue.

Note that the values of the available bandwidths b to be
used in each instance of the resolution of the bi-objective
optimization problem are directly calculated from the vec-
tor by in C(1):

14
bf =Y by, VIEL. )

Jj=1

The second objective consists of minimizing the number of
arcs of the path, &(p), seeking to avoid bandwidth waste,
hence favouring global efficiency in the use of network re-
sources as well the reliability of optical connections (longer
paths are more prone to failure).

min{cz(p) = h(p)} . (6)

peED
Note that in many cases there is no feasible solution which
optimizes the two objective functions, ¢i(p) and ¢,(p), si-
multaneously. A certain amount of conflict is therefore ex-
pected between ¢ and c;, and no optimal solution (in most
cases) will exist for this problem. Therefore the candidate
solutions to the topological RWA multicriteria model are
topological paths which are non-dominated solutions to the
bi-objective problem:

(2) {mianDrcl(P) ' )

minPEDT 2 (p)

Given two paths p; and p;, from s to ¢ in R, path p;
dominates p,, denoted by pjppa, if and only if ¢;(p;) <
ci(p2) (i=1,2) and at least one of the inequalities is strict.
A path p is a non dominated solution if no other feasible
path dominates it.

The set of admissible solutions, D7, consists of all topolo-
gical paths between the source-destination node pair which
correspond to viable lightpaths p”, that is, lightpaths with
the same arcs as p and with a free and usable wavelength
(according to Ty) in every arc. The topological paths in
these conditions (elements of Dr) will be designated as
viable topological paths, for the given origin-destination
node pair. For obtaining Dr firstly the free wavelengths
in each arc will have to be identified, taking into account
the wavelength conversion capabilities specified in Ty, then
the set of viable paths p* for each pair of origin-destination
nodes becomes implicitly defined.
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This model was extended to bidirectional connections be-
tween nodes s and ¢ by considering a bidirectional light-
path p* = (p2, p) supported by a bidirectional topological
path p = (ps, prs) which is a pair of symmetrical topolog-
ical paths. In this case the set D% of feasible solutions to
the bicriteria model will be the set of viable bidirectional
topological paths p, i.e., characterized by the fact that both
(unidirectional) topological paths pg and p; are viable.
Therefore the bi-objective bidirectional routing optimiza-
tion problem is formulated as:

min {cl(p) ZbiTJeriT} (8)

b
peDT leps 71 lepis 1

mir}ly {Cz(p) = h(P) = h(psl) Jrh(Pts)} ©)
peDT

We will assume the most common situation in real networks
where the two paths pg, p;s are topologically symmetrical,
thence h(p) = 2h(py). Note that this does not imply that
the wavelengths used in the two opposite directions are
necessarily symmetrical.

2.2. Resolution Approach

The first stage of the resolution approach is an exact al-
gorithm enabling the calculation of non-dominated viable
topological paths and the selection of a path according to
an automatic procedure that uses preference thresholds de-
fined in the objective function’s space and reference points
obtained from those thresholds. This algorithmic approach
will be reviewed in this subsection.

The second stage is the assignment of wavelengths (and
corresponding fibres) along the arcs of the selected path p.
For this purpose we will use the maximization of the wave-
length bottleneck bandwidth, b;(p) (Aj € A):

max{bj(p) -

i b;i eDr). 10
max min 1;} (peDr) (10)

l€p/\b1j>0

Note that this procedure is equivalent to the choice of
the least loaded wavelength (LL) along the arcs of the
path. Moreover, if all the nodes of the network enable
full wavelength conversion, once a viable topological path
is selected, the choice of the wavelength(s) in the arcs
is irrelevant in terms of network performance. When the
nodes have no conversion capability the proposed scheme
of wavelength selection is known to give good results (see,
e.g., [3]). In any case it can be concluded from many stud-
ies that the critical factor in terms of network performance
is the selection of topological paths, the choice of wave-
length having a minor impact.

In the present model this choice of wavelength will corre-
spond to specify A« in arc [*:

by j+ =max {b i(p)= min b ,} : J viable p* which

: 1€pAb; >0 .
Ajen €PN uses Aj« in I* € p
(11)
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For bidirectional connections, once a non-dominated solu-
tion p € D? has been selected, the wavelengths (and fibres)
to be used along py and p;s are chosen applying the same
procedure to each path. Note that the chosen wavelength(s)
in each path can be different.
The aim of the resolution procedure is to find a good com-
promise path from the set of non-dominated solutions, ac-
cording to certain criteria, previously defined. It must be
stressed that path calculation and selection have to be fully
automated, as part of a telecommunication network rout-
ing mechanism, therefore the use of an interactive decision
approach is precluded.
The candidate solutions are computed according to an ex-
tremely efficient k-shortest path algorithm, MPS [20], [22],
by using a version adapted to paths with a maximum num-
ber of arcs (length constrained k-shortest paths) as de-
scribed in [19]. The algorithm is applied to the convex
combination of the two objective functions:
fp)=aci(p)+(1-a)er(p)  O<a<l. (12
Note that the value of & just determines the order in which
the solutions are found, and its choice is purely instrumen-
tal, since all non-dominated solutions can be calculated.

The selection of a solution is based on the definition of
preference thresholds for both functions in the form of re-
quested and acceptable values for each of them. These
thresholds enable the specification of priority regions in
the objective function’s space, as illustrated in Fig. 1.

¢(p)
4 o) ;
Clace @ T
=
1t
Clreq Eh it St Ebt % ----------- -—--
B
Cim ]| 6(? : \’)(CIm,hM)
: i : >
¢
hm CZreq Cracc ™~ hM 2(p)

Fig. 1. Preference regions.

In the first step, vertex solutions p¢! and p2 (viable topo-
logical paths) which optimise each objective function, ¢ (p)
and ¢ (p) = h(p), respectively, are computed by solving the
associated shortest path problems. This leads to the ideal
solution, @, in the objective functions’ space.

pt = arg minc(p) (13)
pEDT
p? = argmin {c2(p) = h(p)} (14)
peDr
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The preference thresholds cireq, c2req (requested values) and
Claces C2acc (acceptable values) for the two metrics are given,
taking into account the discrete nature of c,(p) = h(p),
according to the following expressions:

cim=c1(p") N com=hu=c2(p), (15)

CIM:Cl(pcz) A CZm:hm:CZ(pcz)’ (16)

Clacc — CIM, (17)

Caace = hwm, (18)

Clreq = W, (19)
hm+h

Coreq — \‘ - D) MJ . (20)

Priority regions are defined in the objective functions’
space according to Fig. 1, in which non-dominated so-
lutions are searched for. Region A (Fig. 1) is the first
priority region where the requested values for the two func-
tions are satisfied simultaneously. In the second priority
regions, By and B;, only one of the requested value is sat-
isfied while the acceptable value for the other function is
also guaranteed. Concerning these two regions we will give
preference to solutions with less arcs, that is, preference is
given to solutions in B; over solutions in Bj. In region C
only the acceptable values, ciacc and cpacc, are satisfied and
it is the last priority region to be searched for.

Finally it will be necessary to select a solution among
the non-dominated solutions in the highest priority region,
with at least one non-dominated solution, S € {A,B1,B,,C}.
This implies that if no such solutions were found in A, then
non-dominated solutions in By, B, C, in this order would
be searched for.

Concerning the selection of a solution when there is more
than one non-dominated solution in a given region S, the
used method for ordering such solutions is a reference
point type approach that considers that the ‘form’ of the
region where solutions are located “reflects’ in some man-
ner the user’s preferences. At this step a reference point
based procedure of the type proposed in [23] is used,
by considering as reference point the ‘left bottom corner’
of region S. This point coincides with the ideal optimum
if §=A.

Reference type approaches minimize the distance of the so-
lutions to a specific point by using a certain metric, recur-
ring to a scalarizing function [21]. In the present context
a weighted Chebyshev metric proportional to the size of
the “rectangle” S (see Fig. 2) is used. Therefore, one will
select the solution p*:

p* = arg min max{wilc;(p) —¢;|}, 1)
peSy i=1.2

where S, is the set of non-dominated paths which cor-
respond to points in S and (c;,c;) is the considered
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reference point which corresponds to the ‘left bottom cor-
ner’ of region S. The weights w; of the metrics are chosen
in order to obtain a metric with dimension free values:

W= 22)

where (¢1,¢,) is the ‘right top corner’ of S, so that ¢; <
ci(p) < ¢ (i=1,2) for all p such that (¢i(p),c2(p)) €S.
An illustrative example is in Fig. 2, where the number as-
signed to each bullet is the computation order of the corre-
sponding solution (according to Eq. (12)), and solution (2)
would be the one to be selected, since it has the shortest
distance to the reference point.

Details of this selection procedure can be seen in [18], [23].

Cl(l’)‘

e
7
T
I
1
/:/
1
);/
1
I
1
1
1
1
1
1
1
1
1
I

exp) = h(p)

Fig. 2. Choosing the final solution.

In this resolution method, we combine a weighted sum pro-
cedure to obtain candidate solutions with a reference-point
based method to select a solution in a higher priority re-
gion. In this form we sought to make the most of the very
great efficiency of the used shortest path ranking procedure,
based on the MPS algorithm [22] and of the inherent supe-
riority of the use of a reference point-based procedure, as
a solution selection method. Furthermore, note that in the
present context, the computational efficiency is a very im-
portant aspect taking into account the automated nature of
the routing mechanism, which requires a solution in a very
short time period. This factor becomes more critical in
networks of higher dimension.

The final step of the resolution method is the choice of
wavelengths along the arcs of the selected path. This steps
follows the procedure described in Subsection 2.2 which
is based on the maximization of the wavelength bottleneck
bandwidth.

The described resolution method can be applied straight-
forwardly to the calculation and selection of bidirectional
lightpaths, considering the necessary adaptations to the ob-
jective functions, specified in Egs. (8) and (9).
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3. Performance Analysis of the Model

Extensive simulations with the model were made on sev-
eral typical WDM networks found in literature. This
section presents the simulation results for five such net-

Fig. 3. NSFNET network (14 nodes and 21 links) [24].

works, namely, the NSFNET [24] (see Fig. 3), the Pan-
European network COST 266BT [24], [25] (Fig. 4),
the denser version of this network [25] — COST 266TT
network (see Fig. 5), a typical core network presented
in [26] — KL network (Fig. 6), and a typical network
provider network presented in [27] — ISP network (Fig. 7).
Table 1 summarizes the main characteristics of these
networks. All the networks were dimensioned for about
one thousand bidirectional lightpaths (1084 for NSFNET,
1008 for both COST 266BT and Cost 266TT, 1050 for
KL network, and 918 for ISP network) and each fibre has
16 wavelengths.

Glasgow

Fig. 4. COST 266BT Pan-European network (28 nodes and
41 links) [24], [25].

Concerning the wavelength conversion aspect, simulations
were conducted considering two different scenarios: all
nodes without conversion capability and five nodes with
total conversion capability (central nodes were chosen with
this capability).
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Fig. 5. COST 266TT network (28 nodes and 61 links) [25].

Fig. 6. KL network (15 nodes and 28 links) [26].

Fig. 7. ISP network (18 nodes and 30 links) [27].

Table 1
Networks characteristics

Network Number (?f Nodal

nodes links degree

NSENET [24] 14 21 3.00
COST266BT [24, 25] 28 41 2.93
COST266TT [25] 28 61 4.36
KL [26] 15 28 3.73
ISP [27] 18 30 3.33
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Simulations considered 1200 connection requests (incre-
mental traffic) in two different cases: with 100% bidirec-
tional requests and with 5% unidirectional requests (be-
cause most of the connection requests for lightpaths are
bidirectional).

Simulation results showed that the performance of the net-
works where five nodes have total conversion capability is
nearly the same as for the networks without conversion.
Therefore, from now on, we only present the “no conver-
sion” scenario. Discussion and conclusions remain true for
the second scenario.

For performance assessment purposes, results obtained us-
ing the bicriteria (BiC) model will be compared with the
corresponding results using the single objective formula-
tions, namely, the first objective function related with the
bandwidth usage (SP_c1), and the shortest path concerning
hop count (SP_c2). Several relevant network performance
measures will be used in this comparison.

20
18 ]

Global blocking [%]
=

700 800 900 1000 1100 1200
Number of requests

——BiC ——SP ¢l —=—SP_c2 (hop count)

Fig. 8. Global blocking — NSFNET network.

Figure 8 shows the global blocking probability in the
NSFNET network, for 100% bidirectional requests. As we
can see, the bicriteria approach leads to a blocking proba-
bility lower than that in the single objective formulations.
The difference is significantly higher with the shortest path
approach SP_c2. Also note that until 1000 requests both
BiC and SP_cl do not exhibit any blocking. The SP_c2
model rejects requests much earlier, and this clearly con-
firms that choosing the shortest path based only on the hop
count is a poor strategy.

In Fig. 9, the number of accepted requests is shown to-
gether with the used bandwidth (BW). When the num-
ber of requests is high, the used bandwidth exceeds 95%,
but this corresponds to approximately 1100 accepted re-
quests in BiC, a value that surpasses the number of con-
nections for which the network was dimensioned (1084 for
the NSFNET).

Although the BiC model uses more bandwidth than the
SP_c2, it should be noted that BiC supports a signifi-
cantly higher number of connections. In fact, as it can be
seen in Fig. 10, BiC allows a lower average number of
hops per connection. Another interesting conclusion that
emerges from the analysis of Fig. 9 is that the BiC, while

49



Carlos Simdes, Teresa Gomes, José Craveirinha, and Jodao Climaco

1100 - 100 1100 95
- £
1050 e 951 = 10501 90
g = W q -
21000 }/ v 901 e £ 10007 s ]
Q A ) o 4 ] o
=3 X / o =) =
& /S m & S g 9501 =
g 950 : = 85 Vs g =
3 o T 2 % 801
2 / 2 ¥ 2 9007
% 900 n.. 8 20 SN s % —8
g / 4 iy 3 5751
2 850 / 2 g5l SR 2 8507
S ] p
800{ 70w 800 70
750 T 65t 750 S
800 900 1000 1100 1200 800 900 1000 1100 1200 800 900 1000 1100 1200 800 900 1000 1100 1200
Number of requests Number of requests Number of requests Number of requests
— BiC — SP ¢l = SP c2 < BiC —SPcl =SPc2

Fig. 9.
network.

Accepted requests versus used bandwidth — NSFNET

Fig. 12.  Accepted requests versus used bandwidth — COST
266TT network.
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accepting more requests than SP_cl, when traffic load is
high, always uses less bandwidth, which shows its superior
performance.

Although not shown here, the results obtained when 5%
of the requests were unidirectional are rather similar to the
ones with 100% bidirectional connections.

50

Fig. 14. Accepted requests versus used bandwidth — ISP network.

The results in the other networks exhibit the same be-
havior. In the COST 266BT network, BiC also has
lower blocking than SP_c1 and SP_c2 (more accepted re-
quests) but always uses an amount of bandwidth smaller
than SP_cl (see Fig. 11). For moderated traffic loads (un-
til 950 connection requests), BiC even uses less bandwidth
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Fig. 18. Computation time for each request - NSFNET network.
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than SP_c2, despite allowing the establishment of many
more lightpaths.

In Figs. 12, 13, and 14 the same performance measures
are shown for COST 266TT, KL, and ISP networks, re-
spectively. The superior performance of the BiC model is
consistent in all tested networks.
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Fig. 20.
network.

Computation time for each request — COST 266TT

It is also interesting to analyze the ability of the differ-
ent approaches to distribute traffic over the network. Fig-
ure 15 plots the number of links in the COST 266TT net-
work with less than 10% of free bandwidth. BiC leads to
a lower number of links with less than 10% free band-
width than SP_cl and SP_c2. Knowing that the number
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of accepted request is also higher, we can conclude that
BiC has a performance significantly better than the sin-
gle objective counterparts. The same behavior was ob-
served in the remaining simulated networks (although not
shown here).

Another interesting network performance measure is the
average number of hops per established lightpath. As it
can be seen in Figs. 10, 16, and 17 (for NSENET, COST
266BT and KL networks, respectively), BiC uses in aver-
age a smaller number of links in all ranges of traffic loads.
This happens because it takes advantage of the character-
istics of the two metrics. For light traffic, the BiC model
chooses shorter connections and, in fact, achieves paths
as short as SP_c2. But, unlike SP_c2, BiC is concerned
with the load already present in the network links. On the
other hand, SP_c1 does not take into account the hop count,
leading to longer paths, even when the network is nearly
“empty”. As the traffic load increases, the worst choice
of the initial paths in SP_c2 leads to bottlenecks in some
links. This results in the selection of longer paths, and in
higher blocking probability. Above approximately 800 re-
quests, the average number of hops per lightpath in SP_c2 is
even greater than in SP_cl — the traffic distribution is more
effective in this model. Also note that when the number of
connection requests exceeds approximately 1000, the mean
hop count decreases in the three approaches. With this traf-
fic load the network is already congested and node pairs
topologically distant are experiencing greater difficulties in
establishing a successful connection. So only some “short”
connection requests obtain a service, lowering the mean
hop count.

Regarding CPU time, the BiC approach requires more CPU,
as would be expected, but CPU times are still very low,
not exceeding 0.25 ms in NSFNET, 0.45 ms in COST
266BT, 0.3 ms in KL network, and 0.35 ms in ISP net-
work. In the COST 266TT network CPU time remains
under 0.6 ms until 950 connection requests. Figures 18,
19, and 20 show the CPU time per connection request
for NSENET, COST 266BT and COST 266TT networks,
respectively. The CPU times remain stable as the traffic
load grows in the NSFNET, ISP, KL and COST 266BT
networks. In COST 266TT network (see Fig. 20), above
950 connection requests CPU time for BiC and SP_cl
approaches increases considerably, and can be as high
as 40 ms. This effect occurs when the traffic load is very
high and coincides with the starting of visible blocking in
the network. Note that this substantial increase in CPU time
is even larger in SP_cl.

In order to assess the degree of conflict between the two
objective functions used in BiC approach, the number
of requests without an optimal solution was calculated.
Figures 21 and 22 show the percentage of non-dominated
non-optimal solutions in COST 266BT and COST 266TT
networks. Although the number of non-dominated solu-
tions is relatively low this does not compromise the inter-
est in using a bicriteria model. In fact many of the ideal
solutions of the bicriteria model might possibly have not
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been found by the single objective models because they
correspond to alternative optimal solutions in one of the
objective functions.

4. Conclusions

The routing and wavelength assignment problem in WDM
networks, as seen from a full traffic engineering perspec-
tive, involves multiple metrics, to be optimized, and spe-
cific constraints. Therefore multicriteria approaches like
the one described in this paper enable to explicitly rep-
resent the various performance objectives and to address,
in a consistent manner, the trade offs among the various
criteria.

A bicriteria model for obtaining a topological path (unidi-
rectional or symmetric bidirectional) for each lightpath re-
quest in a WDM network was reviewed. The model consid-
ers two criteria — the first one takes into account the band-
width usage in the links of the network and the second one
the number of links of the path. The automated resolution
approach uses a k-shortest path algorithm, as well as pref-
erence thresholds defined in the objective function’s space,
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combined with a Chebyshev distance to a reference point
(which changes with the analyzed preference region). Hav-
ing obtained a non-dominated topological path, a heuristic
procedure was then used to assign wavelengths to the links.
The performance of this bicriteria model was analyzed us-
ing several benchmark networks, and considering a compar-
ison with the results of the two single criterion approaches
corresponding to each of the criteria used in the BiC model.
Clearly, the BiC approach resulted in lower global blocking
than the single criterion models SP_cl and SP_c2. This is
due to an initial better choices of paths and a more balanced
distribution of traffic load. At moderate load, although BiC
approach accepts more requests, BiC uses less bandwidth
than SP_cl; SP_c2 uses less bandwidth than the BiC but
it leads to a significant lower number of successful con-
nections.

The impact of having five nodes with wavelength con-
version capability was negligible in the simulated situa-
tions.

Although the BiC approach uses more CPU time per request
its performance was nevertheless quite good — below 0.5 ms
except in the denser network (COST 266TT).

In a following paper we will address the network per-
formance analysis issues of an extension of the bicriteria
model that provides dedicated path protection, in the event
of failures. This is an issue of great importance having
in mind the great amount of traffic carried in these opti-
cal networks. To provide the necessary network resiliency,
while preserving the multicriteria nature of the developed
model, this extension (see [28]) enables to obtain a topolog-
ical pair of node disjoint paths for each connection request.
The developed performance analysis study will consider the
same type of experimentation and performance measures as
in this paper and will present interesting conclusions con-
cerning the potentialities (put in evidence in this paper)
and limitations of the use of multicriteria approaches in
this context.
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