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Abstract

In this paper a generalized (static) routing and wavelength assignment problem is for-
mulated, where the objective is to establish a given set of connections into the network
while minimizing the number of wavelength channels at the same time. Connections can
be normal lightpaths as well as anycast or multicast connections. Furthermore, each request
can be for either a bidirectional or a unidirectional connection. In this context, we consider
appropriately modified versions of the heuristic algorithms proposed in the literature. The
performance of the algorithms is compared by means of numerical examples.

1 Introduction

The wavelength division multiplexing (WDM) technology has matured during the recent years
and wavelength routed (WR) all-optical networks are currently been deployed into backbone
networks. WR all-optical networks offer huge capacities, even terabits per second in a single
fibre, and can thus meet the ever increasing capacity demands of Internet. In WR networks the
nodes switch data optically per channel basis without any electro-optical conversions, which
is cost effective and enables such huge speeds. At the same time each channel typically carries
data at the speed of few Gb/s, which is suitable for electronic processing and routing.

Traditionally WR networks are seen as a layer, where a number of transparent lightpaths
are established between the given s-d pairs. Establishment of a lightpath consists of choosing a
route and a wavelength, which is not generally an easy task as even the wavelength assignment
subproblem is NP-hard [1]. Each lightpath provides a logical link between its end nodes, i.e.
at the logical layer lightpaths are used to transport data packets to their destinations.

The problem where a set of static lightpaths are to be established into a given network while
minimizing the number of wavelength channels is often referred to as the static RWA problem
[1,2]. Alternatively one can consider dynamic traffic, where the lightpath requests obey some
traffic pattern and the aim is to minimize, e.g. the blocking probability [3-5]. The static RWA
problem can be extended to the logical topology design (LTD) problem by including the routing
problem in the logical layer. In the LTD problem, the number of wavelength channels and the
average traffic demands between each s-d pair are given, and the problem is to establish a set
of lightpaths and determine the logical routes for the packet flows so that, e.g. the average
packet delay is minimized [6—8]. Also the optical multicast trees have been considered in the
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literature [1,9]. Optical multicast tree can be used to broadcast data up to an entire channel
from the root node to several destination nodes at the same time (unidirectional), or as a shared
medium for several low bandwidth point-to-point flows by sharing the channel in time.

The third alternative is optical anycast, where a source node requests a lightpath to be es-
tablished to any of the destination nodes [10]. Anycast requests can be seen as a generalization
of normal lightpath requests. For example IPv6 networks provide anycast service. In WR
network the optical anycast requests can be used, e.g. as an optimization tool to ensure surviv-
ability. The network designer can define anycast requests for certain nodes to ensure that there
are alternative routes available to one of the main nodes. Alternatively, in operator to operator
interface there can be a several border nodes through which all the traffic between the operators
is to be delivered. In that case it is enough to find a free lightpath to one of the border nodes.

In this paper we assume that some intelligent party has come up with a set of requests con-
sisting of normal lightpath, anycast (one-to-any) and multicast (one-to-many, i.e. a light-tree)
requests and our aim is simply to set up the requests into the physical network with a mini-
mal number of wavelength channels. We refer to this problem as a generalized RWA problem
(GRWA) and propose heuristic algorithms to solve it by modifying existing algorithms pro-
posed in the literature appropriately. We also propose layered algorithms for GRWA problem
which set up the requested lightpaths and -trees on the layer by layer basis.

The rest of the paper is organized as follows. In Section 2 we formulate the GRWA prob-
lem. Then, in Section 3, a layered GRWA (L-GRWA) algorithm is presented. Then, in Sec-
tion 4, several modified versions of previously proposed heuristic algorithms are presented.
Section 5 contains numerical examples, and finally Section 6 finishes with the conclusions.

2 Problem Definition

We are given a network = (V, E), where each link consists of one or more unidirectional
fibres. In particular, lefV = |V| denote the number of nodes andVax N matrix P the
physical topology, wherg;; represents the number of unidirectional fibres frot j. Note

that matrixP is symmetric when all links have the same number of fibres in both directions.
Furthermore, we assume that the nodes cannot perform wavelength conversion and thus each
lightpath/tree must use the same wavelength on each link along its path, kndkenaave-

length continuity constraintAlso, two connections sharing a same fibre must be on different
wavelength channels, known e distinct channel assignment constrgiDCA). For a given
network one is suppose to establish a given set of connections consistinliffefrent types:

1. unicastlightpath requests (point-to-point)
2. anycastrequests, i.e. the destination node can be any of the given set (one-to-any).
3. multicast requests, i.e. the optical signal is routed to several destinations (one-to-many).

Note that in multicast connection the set of links form a light-tree, while in the other cases the
links form a lightpath. In each case the request can be for one or more channels, where each
channel can be routed independently of others using a different route and wavelength. Fur-
thermore, requests may be bidirectional, where the same route and wavelength is used in both
directions, or unidirectional. Denote the set of connection requestsAvith{ay, as, . .., an }.

The generalized routing and wavelength assignment problem (GRWA) the objective is to es-
tablish the requests il into a given networkG with the minimum number of wavelength
channels. without violating the wavelength continuity or the DCA constraints.



To this end let us first introduce some notation for request

t(a) = type of request (unicast, anycast or multicast),
s(a) = source node of request
D(a) = set of destination nodes of request
m(a) = multiplicity, no. of wavelength channels,
(a)

b(a) = bidirectionality: 2 (bidirectional) orl (otherwise).

3 Layered RWA Algorithms

In a network without wavelength conversion each lightpath must use the same wavelength on
each link it travels through. In a static RWA problem, where one is asked to establish a set of
lightpaths, the layered (graph) approach has turned out to work well (see [6, 11]). In layered
approach one first considers the first wavelength layeand assigns as many requests into it
as possible. The order in which the feasibility of the path candidates is checked is crucial to the
resulting configuration. It is easy to see, assuming that enough path candidates are available,
that even the global optimum can be achieved with an appropriate order. Usually the longer
paths (in number of hops) are harder to establish later than the shorter paths and thus RWA
algorithms often try to allocate the longer paths first.

Previously presented layered RWA algorithms establish a given set of lightpaths into the
network, but do not address the configuration of both anycast and multicast relgiresiss
section we will describe two slightly different versions of the layered (graph) approach adapted
to the GRWA problem, to which we refer to as L-GRWA and DL-GRWA algorithms. In rest
of the paper we use the term “path” to denote a set of links which together fulfil a certain
request and form a path or tree, respectively. The strategy of the layered algorithms is similar
to the usual paradigm of RWA solutions, where at the first stage a set of possible routes for
the requests is determined, and at the second stage the wavelength assignment is performed
using a first-fit strategy (see Section 4 for two examples). The main distinction is that layered
algorithms determine a route and wavelength at the same time instead of postponing the WA.

3.1 Layered GRWA Algorithm (L-GRWA)

In the first part L-GRWA algorithm determines one or more path candidates for each request
and in the next step the requests are established into the network layer by layer using a subset of
the predetermined paths. Generally an important factor in WR optical-networks is the number
of links each request reserves. Thus, typically the physical length of the link can be neglected
when determining the paths using a shortest path algorithm. To this end let us define two trivial
mappings from the physical topology to “hop topology”. In particularHetP) = H; denote

the unidirectional “hop matrix"H>(P) = Hy, respectively, the bidirectional “hop matrix”,

LN 1, ifpij>0 CoN 1, ifpij>0andpji>0
hl(za.j) - { 00, otherwise and hQ(Z’J) - { 00, otherwise

INote that algorithms presented in [10] are solely for anycast requests.




For each request € A one or more “path” candidates are determined using the appropriate
hop metric.H; or Ho, as follows:

1. Forunicast(i.e. point-to-point) requests two parametérs,, A,), are used to prune the
path space, i.e. we include at mestshortest paths (in hops) such that no path may be
more thanA, hops longer than the shortest possible.

2. Foranycastrequests the algorithm determines, one or more, path(s) from the source
node to each destination using the same path selection parameters as above.

3. Formulticast requests (see, e.g. [1]) we determine a set of links by first generating the
minimal spanning tree using Prim’s algorithm, which is then iteratively pruned until no
unnecessary leaf is left. (Alternatively one could use others heuristics, see e.g. [12].)

Thus, each candidate € X corresponds to exactly one requestdrand specifies a set of
links and the direction(s) the corresponding links are travelled. At this point it is not yet
decided which of these paths will be actually used and on which wavelength channel.

At the second step the requested connections are established by executing a first-fit policy
for one wavelength layer at a time. In particular, starting at the first wavelength layer, the
algorithm sets up as many connections as possible using the pathetithe current layer and
then moves to the next layer. Each time a connection is set up the respective multipliejty
is decreased by one and oneg¢a) = 0 all the respective paths are removed fram

The order in which the candidates are tried is important for first-fit algorithms. To this end
L-GRWA arranges the candidate list in a presumably favourable order. In particular, the “path”
candidates are sorted using a three-level criterion defined by the wéeior

z(x) = (Ag, —Lzy —by),

where A, is the number of extra hops pathuses when compared to the shortest péth,

is the number of used links arig is indicator of bidirectionality. The order of two paths is
defined by the first unequal element:fi) (smaller first). The order ensures that at each step

the algorithm sets up the longest possible route which uses the least amount of extra resources
(i.e. extra hops). The algorithm is formally described in Algorithm 1.

3.2 Dynamic Layered GRWA Algorithm (DL-GRWA)

If we limit ourselves to the case of normal lightpath requests (i.e. a static RWA problem) the
layered algorithm can be extended to adaptively use all possible paths. The term “dynamic”
refers to the dynamic path selection at each step. Thus, instead of pruning the path space first
the algorithm starts immediately to set up lightpaths into the first wavelength layer. Later it
will be shown how anycast and multicast requests can be incorporated as well.

The dynamic layered GRWA (DL-GRWA) algorithm proceeds as follows. At each step DL-
GRWA first picks one connection request and establishes a lightpath for it using the shortest
free path at the current wavelength layer. Once no new connections can be established at the
current layer the algorithm moves to the next layer and repeats the same procedure. This is
repeated until all the requests have been set up. In order to reach the optimal configuration the
algorithm should always pick “the right connection”. We propose a heuristic order similar to
the one used with L-GRWA, i.e. at each step the longest connection using the least amount of
“extra links” is set up. This can be achieved as follows. &gt d) denote the length of the



Algorithm 1 Generalized Layered RWA, L-GRWA.

X « path/tree candidates for each request
sort X’ in increasing order of(z) = ( Ay, —fa, —bs)
W0
while X # () do
W—W+1
for eachz € X do
if links in = have free fibres at layé#” then
set up a lightpath/tree at layeriv/
decrease multiplicityn(a) by one
if m(a) =0 then
remover and other respective “paths” frofd
end if
end if
end for
end while

shortest path (in hops) fromto d in an empty network and, similarly, léf(s, d) denote the
respective length at the current state. At each step the requess, d) to be established next
is the one which minimizes the quantity,

N -1

o(s,d) = (T) cd (s, d) — d(s,d) = (d'(s,d) — d(s,d)) — % d(sd). (1)

Clearly the firstterm¢’ (s, d)—d(s, d), corresponds to the number of extra hops and the second
term,+ -d'(s, d), is a normalized path length less thia(note that for all reachable, d)-pairs
d'(s,d) < N). Thus, the number of extra hop&(s, d) — d(s, d), serves as the primary key
(less extra hops first) and the ties are broken by the length of the path (longer paths first).

The DL-GRWA algorithm is formally described in Algorithm 2 for a general case widere
consists of both unidirectional and bidirectional requests. If there are both unidirectional and
bidirectional requests one needs to determine the shortest paths (and the respective criteria) for
both cases separately. Furthermore, an optional constraint on the maximum number of extra
hops allowedA,, has been introduced. Note that settithg= co means that all feasible paths
are accepted. However, setting a finite limit on the number of extra hops might turn out to be
useful when more connections are expected later.

Similarly, it is straightforward to extend the algorithm to handle anycast requests. For any-
cast request = {s, D} one must evaluate each possible destination and the path selection
criterion must be adjusted slightly to take into account the alternative destinations. In particu-
lar, for anycast requestand(s, d) € a we suggest using the shortest path in an empty network
to the nearest node frof as the reference length,

N -1
d)=|——1] d(s,d) — min d(s,i). 2
clavsd) = (N ) o)~ min dls) @
Multicast connections could be handled with dynamical routing algorithm as well, but that
would increase the complexity considerably. Thus, we propose using a fixed set of routes
for multicast connections along the lines of L-GRWA algorithm and set up them first before



Algorithm 2 Dynamic Layered RWA, DL-RWA.

run all-pairs shortest path algorithm f&f, (P) and Hz(P) = distance§ D1, D>}
W1
P —P
while A # () do
run all-pairs shortest path algorithm féf; (P’) and H2(P’) = distance§ D7, D5}
Ci— (&2) -D;-D;,i=12
setc(a) = (Cb(u))s(a),d(a) Va € A {path selection criterja
A —{aeA:cla) < Ay —1}
if A"=0 then
W—W+1
P —P
else
a «— argmin c(a)
acA’
set up request using the respective shortest patto the current layelV

reduce the number of free fibresiti along pattp
decrement multiplicityn(a) by one
if m(a) =0 then
remove request from A
end if
end if
end while

continuing with DL-GRWA. It is assumed that this approach does not hinder the final solution
much as long as the proportion of multicast requests is reasonably small. It is easy to show
that the complexity of DL-GRWA i$V/ |3 - | A|.

4 Two Stage Algorithms

For comparison purposes we describe next static RWA algorithms proposed in the literature.
All these algorithms belong to a class of “two stage algorithms” (TSA), where the name em-
phasizes the fact that they solve the RWA problem in two stages. In particular, in the first
stage the algorithms determine a path for each request, and in the second stage each path is
assigned a feasible wavelength channel. Note the distinction to the (D)L-GRWA algorithms,
which select the path at the same time with the wavelength channel.

All these TSA algorithms are originally designed to solve a special case like a single fibre
network with bidirectional unicast requests. In order to overcome such limitations the al-
gorithms have been modified appropriately. In particular, anycast and multicast requests need
special treatment. Each algorithm has been extended to be able to continue from a given (fixed)
configuration, i.e. to set up the remaining requests into the network while keeping the currently
active lightpaths and -trees fixed. Thus, if a given algorithm is not capable of handling multi-
cast requests, then such requests are first established into the network using L-GRWA, similarly
as with DL-GRWA.. In cases where an algorithm is unable to handle anycast requests such re-
guests are first converted to normal unicast requests by choosing, in each case, the nearest node
from the set of possible destinations.



Algorithm 3 Wavelength Assignment Step [10, 13]

for eachz € X in the decreasing order of the number of haps
set upz using the smallest feasiblechannel
end for

Furthermore, possible multifibre cases must be taken care of. The path selection process
could often ignore the presence of multiple fibres, especially if the number of fibres is constant
on all links. Wavelength assignment step, however, should be aware of multiple fibres and act
appropriately. In the used WA algorithm the paths are first sorted in the decreasing order of
their lengths (in hops). Then, in that order, each path is assigned the lowest feasible wavelength
channel, i.e. so called first-fit policy. The wavelength assignment step is formally described in
Algorithm 3. Note that the assignment can be performed one wavelength layer at a time basis
as well, which makes the implementation somewhat easier.

4.1 Shortest Path Approach (SP)

A straightforward approach for determining the paths is to use the shortest path (SP) in terms
of optical hops for each request and then assign the wavelength channels using, e.g. WA Al-
gorithm 3. This method gives usually reasonably good solutions when physical and logical
topologies are similar, but can fail badly if there is a substantial mismatch between them. In
this paper SP algorithm is used to set up unicast requests, while possible any- and multicast
requests are handled as described above. Furthermore, possible multiple fibres are ignored in
the routing phase, i.e. algorithm does not favour routes with multiple fibres on some link(s).

4.2 Minimum-Hop Heuristics (MNH)

The next TSA algorithm is minimum-hop heuristic (MNH) proposed by Baroni et al. in [13].
MNH is a greedy algorithm which first tries to lower the maximum congestion in the network
before proceeding with the WA step. The initial set of paths is equivalent to the paths of the
SP approach described above. After that the algorithm tries to find an alternative path for one
request at a time leading to a lower maximum congestion along the particular path.

The MNH algorithm is designed to establish only normal lightpath requests and thus cannot
handle anycast or multicast requests. As mentioned earlier, these limitations are overcome by
configuring the possible multicast requests first using the L-GRWA algorithm and transforming
possible anycast requests to normal lightpath requests to the nearest anycast destination (in
hops) before proceeding with MNH algorithm.

Furthermore, the original MNH algorithm is generalized in three ways. Firstly, the mini-
mum hop constraint has been relaxed in the outer loop by using an additional parameter
which defines the maximum number of extra hops allowed for paths. Secondly, the algorithm
has been extended to multifibre case by defining the link loads to be the smallest integer not
less than the number of users divided by the number of fibres;;,

Cij = uij/pij -

Thirdly, the algorithm takes into account already set up connectidhgs.



Algorithm 4 Relaxed Minimum-Hop Heuristic, MNH+ [13].

for each (unicast) requeste A do
find (any) minimum-hop path far and store«{:(a) copies of it) toX
end for
compute the initial link load€’;; = [us;/pi; | based on the paths it (and possibly¥syca)
for K =0,...,A,do
repeat
for each router € X’ do
find the shortest path which reduces congestion on the most loaded link
if length(p) is at mostK hops longer than the minimum-hop patten
substitute the current path by the alternative path and update link loads
end if
end for
until no further substitutions are possible
end for
assign wavelengths to routesAhusing Algorithm 3

The relaxed MNH algorithm (MNH+) is formally described in Algorithm 4. Note that the
original version proposed in [13] is equivalent to MNH+ witty = 0. We have found out
that allowing longer paths tends to give considerably better results than the original version.
However, it is also possible that in some instances relaxing the minimum-hop constraint leads
to a harder WA problem and consequently more wavelength channels are required in the end.

4.3 TJIWW Algorithms

The last algorithm in this family is an anycast RWA algorithm proposed in [10], which we
refer to as TIWW algorithm. The algorithm first determines a set of routes and the next stage
is the WA step using a standard greedy appréaeiscribed in Algorithm 3. As TIWW cannot
handle multicast requests we handle such first using L-GRWA algorithm before proceeding
with TIWW. Unicast requests are treated as trivial anycast requests.

The TIWW algorithm has two routing parametersand 5. The first parameter is used
to adjust path selection probabilities per destination node based on the number of hops it takes
to reach the respective destination. First the shortest paths are determined to each possible
destination and then the destination is chosen randomly using the weights= R - ¢, “,
where/,. is the number of hops im and R a normalization constant. Note that when= 0
each destination is chosen with an equal probability and when oo (one of) the closest
destination(s) is chosen. The second parametiEtermines whether the maximal link load is
controlled during the path selection process< 1) or not (3 = 0). If the maximum link load
is controlled, one first determines a “residual” graghfrom G by removing links withC/,..
or more connections. Then the shortest paths are determinedafsitfigio path is found then
Chax IS increased by one. Initiallg),,.« is set tol. Hence, the final value af',.. serves as
a lower bound for the number of wavelength channels needed.

Also the TIWW algorithm must be modified for our purposes. Firstly, the extension to
multifibre case can be made in several ways, from which we have chosen perhaps the most

2WA step is not clearly described in [10] but it is assumed to be similar to this. Also it was assumed iat= 1.



Algorithm 5 Two Stage Anycast Algorithm TIWW proposed in [10].
setCmax = 1 and compute initial link load€’;; based osxea
while A # () do
selecta € A4 and reduce its multiplicityn(a) by one
if m(a) =0 then
removea from A

end if
repeat
setH Hb(a)(P)
if 3 =1then
remove all links(z, j) with Cij > Ciax iN H
end if
P «— shortest path i from s(a) to eachd € D(a)
if P =0 then
C(max = Cmax + 1
else
pick pathz € P using weightav(x) = R - £, ~“, whereR is a normalization constant
end if

until a path is found

add pathe into path sett

setCij — C»L'j + 1/F¢j for all (Z,]) cx
end while
assign wavelengths using Algorithm 3

intrinsic one, i.e. the link loads are defined as the number of users divided by the number of
links. The maximum link load”,,,.« is still increased in steps of one. Secondly, the direc-
tionality must be explicitly taken care of when determining the shortest paths. Thirdly, the
fixed connection must be taken into account by adjusting the initial link loads appropriately.
The procedure is formally described in Algorithm 5. In [10] four parameter sets we used from
which so called BWC algorithm, where = g = 1, was reported to give the best results.
Thus, in Section 5 we will focus on BWC and compare its performance to other algorithms.

5 Numerical Results

In this section we present some numerical results. The path selection parameters used in L-
GRWA aren,, = 4andA, = 1, i.e. at mostt paths are included and each path may not be more
than1 hop longer than the shortest possible. From TIJWW algorithms we consider BWC (i.e.
a = = 1). Hence, the maximum link load is controlled and anycast destinations reachable
with fewer hops are preferred in the path selection process. From MNH algorithms we consider
both basic MNH f,, = co andA, = 0) and MNH+ withA, = 2, i.e. the alternative paths are
allowed to consist of at most zero @extra hops, respectively.

5.1 MCI-ISP network

The first set of simulations uses MCI ISP backbone network depicted in Fig. 1 consisting of
19 nodes and2 links. All links are assumed to have a single fibre in both directions and no



Figure 1: Example network: MCI backbone network in United States [10].

wavelength conversion is available. In order to see the relative performance of the algorithms
we consider four different traffic scenarios each consisting of totaillion requests.

1. Unicast Requestsa set ofn unicast (i.e. lightpath) requests between random node pairs.

2. Anycast Requests The anycast scenario has been adopted from [10]. In this scenario
nodess, 7, 12, 18 and19 serve as a single anycast destination/3etnd (bidirectional)
anycast requests originate from the rest of the nodes randomly, i.e. each request is a
bidirectional anycast request from some nedgé D to any node inD.

3. Heterogeneous Requestd he anycast scenario described above is not very realistic. In
order to get a better idea how different algorithms perform in more realistic situations
we consider also a scenario with a mixture of normal and anycast requests where both
the source and the destination node are randomly picked} \ D andd € V' \ {s}.

If the destination nodé belongs to seD, then the request is interpreted as an anycast
request to seD, otherwise as a normal lightpath request to néde

4. Heterogeneous Requests Including MulticastThe final example is the most demand-
ing one, i.e. the set of requests includes the normal, anycast and multicast requests. The
request sets were generated as follows. For each request first the soureeanddis
picked randomly. Ifs € D then the request is interpreted as a bidirectional multicast
request froms to V' \ D. Otherwise we pick a random destination ndde V' \ {s} and
if d € D then the requestis interpreted as a bidirectional anycast requst fimim and
otherwise as a normal lighpath request freto d.

For each traffic scenario we proceed as follows. At start the network is empty and a set
of n requests is generated. Then the chosen algorithm sets up the requests and the number of
wavelength channels used is recorded. The average number of used wavelength channels is es-
timated by runnind 0000 independent request realizations. The numerical results can be seen
in Table 1. In all scenarios the SP algorithm with first-fit WA has the poorest performance, as
expected. Furthermore, it can be seen that the layered algorithms seem to work very well and
that the DL-GRWA algorithm performs slightly better than L-GRWA algorithm. The improve-
ment with DL-GRWA algorithm when compared to the best result obtained by SP, BWC or
MNH(+) in each case is order @ — 4% for unicast requests,l — 15% for anycast requests,

0.5 — 2% for combination of uni/any-cast requests a@nd 3% in case of all kinds of requests.
Thus, in anycast case the DL-GRWA seems to be superior to other algorithms.

Also MNH+ algorithm performs well except in the anycast scenario where BWC and (D)L-

GRWA algorithms obtain better results on average. This is probably due to the adaptive se-



leguest per-qgfests SP BWC MNH MNH+ L-GRWA DL-GRWA
20 [ 517 | 416 | 450 | 389 415 375

unicast 40 | 872 | 716 | 747 | 6.66 6.98 6.49
60 | 1209 | 997 | 1028 | 931 9.67 9.10

80 | 15.40 | 12.67 | 12.98 | 11.88 12.29 11.66

100 | 1868 | 1531 | 1562 | 1441 14.88 14.19

20 [ 409 | 284 [ 377 | 291 2.42 242

anycast 40 | 686 | 479 | 614 | 487 4.11 4.10
60 | 957 | 658 | 834 | 6.75 5.75 5.74

80 | 1227 | 832 | 1048 | 858 7.36 7.34

100 | 14.98 | 1002 | 1256 | 10.39 8.94 8.90

20 [ 471 [ 399 | 4I4 | 382 3.89 3.56

uni/any- 40 | 793 | 686 | 690 | 6.23 6.63 6.17
cast 60 | 11.05 | 955 | 950 | 879 9.28 8.72
80 | 14.10 | 1216 | 1203 | 1130 11.83 11.24

100 | 17.15 | 1472 | 1454 | 13.80 14.39 13.75

20 [ 864 | 816 | 810 | 7.82 7.94 7.55

uni/any/ 40 | 16.19 | 1543 | 1516 | 15.03 15.06 14.55
multi- 60 | 2371 | 2256 | 22.19 | 2219 22.13 2155
cast 80 | 3124 | 29.63 | 29.22 | 29.35 29.19 28.57
100 | 38.75 | 36.67 | 36.24 | 36.49 36.24 35.60

Table 1: Numerical results with MCI-ISP network.

lection of the anycast destination in BWC and (D)L-GRWA algorithms. Note that most of the
connections are rather short due to the fact that anycast destinations are quite dense.

The heterogeneous case consisting of a mixture of uni/any-cast requests gives similar re-
sults as the unicast case, but the difference between the algorithms is smaller, which suggests
that the BWC algorithm handles anycast requests less efficiently than unicast requests, perhaps
because the destination node is chosen impractically in some cases. Furthermore, the L-GRWA
algorithm seems to suffer from the finite number of routes available (with the used parameters).
Only when the number of requests increases the difference to BWC algorithm becomes larger.

Note that only L-GRWA algorithm sets up multicast requests as a part of its normal execu-
tion, while the other algorithms rely on L-GRWA first and let it set up the multicast requests
for them. Indeed, in the last scenario including also multicast requests it can be noted that
the (D)L-GRWA and MNH(+) algorithms have almost identical performance. Especially in-
teresting is that in last three cases MNH outperforms MNH+, i.e. even the maximum link load
gets lower the WA step has become harder and more wavelength channels are used. The fact
that differences are small in the last set is probably partly due to the fact that 2656udf
the requests are multicast requests and they are handled by the same algorithm. The small
improvement DL-GRWA was able to find when compared to others must have happened at the
later stages of the algorithm when the remaining lightpaths were set up.

5.2 NSFNET and EON

In [14-16] the authors have studied a slightly different problem, i.e. a problem where the
number of available wavelength channels is given and the goal is to establish as many lightpaths
of a given virtual topology (VT) as possible (or to be exact, to carry as much point-to-point
traffic as possible). As the number of available wavelength channels is increased a point is
reached where a given algorithm manages to establish all the requested lightpaths. This is
equivalent to the problem studied in this paper, i.e. what is the minimum number of wavelength
channels needed to establish a given set of lightpaths into the network.



network case | SP BWC MNH MNH+ L-GRWA DL-GRWA | RWABOU [16] KS [15]

NSFNET,  uni. 25 20 21 19 22 20 20 23
NSFNET, bi. 32 36 28 26 30 28 * NA
EON, uni. 46 20 20 19 21 18 22 *
EON, bi. 53 27 25 25 26 25 * NA
EON I, uni. 28 17 18 16 18 16 NA NA
EON II, bi. 35 23 24 23 23 23 NA NA

Table 2: The number of wavelength channels required to establish virtual topologies given
in [14, 16] using either unidirectional or bidirectional lightpaths.

Krishnaswamy et al. in [14,15] presented a formulation based on LP-relaxation and consid-
ered only unidirectional cases. The resulting algorithms (KS) are considerably more complex
than TSA or layered algorithms. Jaumard et al. in [16], on the other hand, considered both
unidirectional and bidirectional cases. They proposed an algorithm called RWABOU, which is
a two phase algorithm where the routing and the wavelength assignment phases are repeated
until no further progress is obtained. Thus, one round in RWABOU is, in some sense, equiv-
alent to whole TSA. The possible routes are chosen in a similar fashion than with L-GRWA,
i.e.n, shortest paths for eadh, d)-pair are first determined. Then, using different rerouting
strategies together with a wavelength assignment phase based on Tabu search the final solution
is obtained. Thus, also this algorithm is considerably more complex than (D)L-GRWA and
TSA algorithms described in Sections 3 and 4. Following [14-16], we consider two example
networks, EON and NSFNET, depicted in Fig. 2 The three test cases are:

e NSFNET: 14 nodes and 21 bidirectional single-fibre links

e EON: 20 nodes and 39 bidirectional single-fibre links

e EON II: otherwise the same as EON, but links Madrid-Paris, Paris-Milan, Milan-Berlin,
Berlin-London and London-Paris are upgraded to consist of two bidirectional fibres

The bottleneck in EON tends to be the two links connecting Lisbon and Madrid to the rest of
the network. Thus, Madrid-Paris and some other links have been upgraded in EON Il, which
is illustrated by thicker lines in Fig. 2. Note that NSFNET and EON are the same networks as
in [14-16], from which also the used traffic matrixes defining the sets of lightpaths originate
from (268 unidirectional connections in case of NSFNET and 374 in case of EON/EON II).
Also the bidirectional case is obtained the same way as in [16], i.e. the number of bidirectional
channels requested betweeandd is

Tbi(57 d) = maX{ Tuni(sa d)a Tuni(da S) }

The numerical results with the algorithms discussed in this paper as well as the results ob-
tained in [14-16] are presented in Table 2. Note that RWABOU and KS algorithms are not able
to deal with a multifibre case, which is indicated by NA in the respective columns. Also it is
worth noting that Jaumard et al. in [16] increased the number of available wavelengths in steps
of 2, so the results corresponding to RWABOU could be one wavelength less. Furthermore,
they considered only up to 24 wavelength channels and thus a sgib&WVABOU column
indicates that the respective solution requires more than 24 wavelengths. Krishnaswamy et
al. [14, 15] studied only unidirectional case and up to 25 wavelength channels,in&S
column indicates that more than 25 wavelength channels are required.

From the results it can be seen that both MNH(+) and (D)L-GRWA algorithms perform sur-
prisingly well. This is probably due to the multiple fibres in some links, which are equivalent
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Figure 2: Example networks NSFNET and EON [2, 13, 14, 16].

to partial wavelength conversion. Even though RWABOU and KS algorithms are consider-
ably more complex they came up with less efficient configurations in all cases. Furthermore,
without appropriate modifications they are limited to unicast connections in a single fibre case.
Note that MNH(+) algorithm iterates the routing based on link loads in a greedy manner and
then performs the WA step using a fast heuristic algorithm, while the (D)L-GRWA algorithms
come up with a solution in a single round. Also it can be seen from the results that EON Il
seems to be easier problem than EON, e.g. the simple SP algorithm manages to find a consid-
erably better configuration for EON Il than for EON.

6 Conclusions

In this paper we have formulated a generalized static RWA problem, where the objective is to
establish a given set of uni/any/multi-cast requests into a WR optical network using a minimum
number of wavelength channels. For solving the GRWA problem several heuristic algorithms
were considered. First two versions of a layered heuristic algorithm using a first-fit strategy in
a novel order for one wavelength layer at a time were proposed. Then, several other previously
proposed algorithms were extended appropriately. The performance of the algorithms was
evaluated by numerical examples. In all test cases of the first test set with MCI-ISP network the
DL-GRWA algorithm achieved the lowest mean number of wavelength channels. In the special
case consisting of only anycast requests the layered algorithms were shown to be superior to
the previously proposed anycast TJWW algorithms [10]. In the next set of tests, adopted from
the literature, the problem was to establish a given virtual topologies consisting of numerous
lightpaths. In this case both MNH+ and DL-GRWA algorithms turned out to be superior to the
other algorithms, including considerably more complex algorithms RWABOU and KS. The
presented heuristic algorithms are relatively fast and robust and thus can be used in a “what if
analysis where different options are evaluated at the higher layer. Furthermore, the L-GRWA
approach can be used when network survivability is considered by choosing the alternative
routes for anycast destinations so that they do not coincide with the “primary” routes and thus
ensure the survivability in case of a fibre cut.
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