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Abstract: Network design process is a very important in otder
balance between the investment in the network hadstpervises
offered to the network user, taking into considerat both
minimizing the network investment cost, on the otheand,
maximizing the quality of service offered to thesmmers as well.
Partitioning the network to smaller sub-network#echclusters is
required during the design process in order to sasgying the
whole network and achieve the design process agade-bff
between several attributes such as quality of servieliability,
cost, and management. Under Clustered ArchitedturBlodes in
an Optical Network (CANON), a large scale opticatwark is
partitioned into a number of geographically limitadeas taking
into account many different criteria like admingive domains,
topological characteristics, traffic patterns, leganfrastructure etc.
An important consideration is that each of thesasteks is
comprised of a group of nodes in geographical pnidyi The
clusters can coincide with administrative domains there could
be many cases where two or more clusters belonthgosame
administrative domain. Therefore, in the most gahease the
partitioning into specific clusters can be eitherddf-line or an on-
line process. In this work only the off-line caseconsidered. In
this Study, we look at the problem of designingcafht 2-level
Hierarchical Optical NetworksHON), in the context of network
costs optimization. 2-levedHON paradigm only has local rings to
connect disjoint sets of nodes and a global subiitesiterconnect
all the local rings. We present a Hierarchical dathon that is based
on two phases. We present results for scenariomioimg a set of
real optical topologies.

Keywords. Optical Networks, Clustering, Algorithms.

1. Introduction

In this study we considered a new Core networkigecture
know as CANON, where a large scale network is pantd
into a number of clusters taking into account uasicriteria
like administrative domains, topological characties,
traffic patterns, legacy infrastructure etc.
An important consideration is that each of theassteks is
comprised of a group of nodes in geographical pnayi
The clusters can coincide with administrative darsabut
there could be many cases where two or more ctubtdong
to the same administrative domain.
In the CANON architecture, the network is a buildofpa
number of clusters. Routing is hierarchical:
» The intra-cluster routing transfers all the traffiithin the
same cluster according to a ring logical topolo@yne

aggregation node denoted as Core Transit Node (CTN)

Similarly, the CTN aggregates also all the traffaming
from different clusters and directed to its cluster
e The inter-cluster routing transfers all the t@afimong
different clusters according to a generic mesh clalgi
topology among all CTNs.
In this study, we propose a new hierarchical apgrahat
partitions a general mesh optical network into anber of
clusters that are compatible with the CANON paradig
These clusters are built in a way that minimizesvoek
resources required to sustain some given traffimae
based on CANON hierarchical routing.
This optimization problem implies to solve the telassical
problems of Logical Topology Design (LTD) and Rogti

With the rapid development of wavelength divisioPnd Wavelength Assignment (RWA). This is only

multiplexing (WDM) technology, optical networks ddu

conceptual decomposition that helps in understanadind

employ hundreds of wavelengths to support incr@asir{easoning about the problem. In an optimal approthehtwo

traffic. In such dynamically re-configurable netk®rrouting
and add-drop are performed for each individual Wength
in every node, thus resulting in increased compjeas well
as capital and operational expenditures [1, 2].icapt
networks are evolving into a complex interconnectiof
circuit switched domains and layers (or granulesitj with

sub-problems would be considered together in thetiso.
But here we provide a description of a sub-optiynsadilution
to the problem such that the proposed algorithmresoht
first the phase LTD and then after that it soiMes RWA
phase independently. The objective of this LTD phisto
partition the network nodes into set clusters. Hmany

the border of domains being driven by many factor§|USterS in the solution, how nodes is partitiormanber of

Moreover, that in existing networks resources gpacally
managed and controlled in a hierarchical manneth \Wie
increase in the number of entities that need tadrérolled
within a hierarchical framework in optical networkhe
hierarchical design process of Core networks hasatance

the investment in the network against the QoS amal t

benefits provided to the network users.

Usually this process involves the partition of tiegwork into
smaller disjoint sub-networks (Clusters) in orderréach a
good trade-off between several
management, reliability and quality of service.

agents such as cot%?

nodes within each cluster, and how the correspan@inNs
must be selected in a way that helps to achieveytiaé of
minimizing the resources needed to carry the trafimands.
The goal of this RWA phase is to define and resdhee
physical network resources (optical nodes and Jinkiich
are required to establish the connections betweslesto
sustain traffic demands over CANON logical topology
which is the outcome from previous phase LTD. in tthase

we have assumed a fixed route between each source-

stination pair, the fixed routes are computedting to
& hierarchical routing of CANON paradigm.
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This study illustrates several design parameteas rieeded

to be considered in determining the network cosilewvh ¢

varying a number of clusters and placemen€Cdf\s in the

network. Mainly the network costs which are consédeby

this study are:

» The count of the optical switching ports; we wouiske
the minimum possible number of optical switchingtpo
to support the given traffic.

« wavelengths, at the same time, we would also likase

the minimum possible number of wavelengths sindegus

more wavelengths incurs additional equipment coshé
optical layer,

* Hops, this parameter refers to the maximum numlber o

hops taken up by a light path. The reason thisrpeier
becomes important is that it becomes more diffi¢alt
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Logical Topology design
i. Clustering. Partition the network int6 clusters,
then identify logical rings inside the clusters.
i. CTN selection. Designate one node in each
cluster as th&€TN, then find a set of light paths
for communications between all ti@I'Nsin the
network.
» Routing And wavelength Assignment
i. On the physical topology. Each one of the logical

rings and the light paths is assigned a path on the

underlying physical topology of the original mesh
network. Traffic routing.

This phase is further subdivided into two partsracluster
traffic routing. Intercluster traffic routing.

design the transmission System as the number o$ hoWe impose that théntra-cluster traffic flows in Only one

increases, which again increases the cost of dpégar

equipment.
In general, we will see that there is a trade-effidzen these
different parameters. Though, in this work only tf&line
case is considered, as this work focuses on tggalesign
phase which can be considered as static solutiochwasts
for very long time. This assumption gives the redeers the
time required for running the proposed algorithmgirid an
optimal design solution. In the meanwhile, onlirese is
more

Matrix where new solutions are always demandedhirts
time frame where this time budget is not enougfirtd an
optimal design solution and where simple heuristiosid be
proposed to find an acceptable solutions in fastsi

2. Hierarchical Clustering

important for handling frequent changes in th
networks parameters such as the offered networffictra

direction around the ring, a common situation beeaaf

protection requirements. However, our methods @adsily
extended to bidirectional rings. Note that the anttuster
ring has been chosen for its well-known advantagesrms

of dimensioning, management, multicast, protectemd

restoration, etc. This also constitutes a natmigtation step
when starting from todaySDH rings. A new algorithm - for
clustering optical Core network into smaller suluoeks-

has been proposed in order to reach a good trddetvieen
several agents, such as cost and performance. We ha
carried out a thorough study and simulation abbetuse of
our clustering algorithm on a set of real opticabr€
networks.

2.2. System model

The network physical topology is described by adinatted
graphG = (V, B), whereV is set ofN nodes and is a set of
links. Letg be the link betweew € V andv, € V and c (g)

We consider an optical network wilth nodes, connected by its physical distance (i.e., expressed in kilomsgtdret E (y)

links that consist of one fiber per direction, eaxfhthem
carryingW wavelengths.

2.1. Optimal partition and routing problem

The design objective is to sustain some givenitra#mand
over
minimizing the total number of optical ports ané thumber
of wavelengths in the whole network.

This optimization problem implies to solve the telassical
problems of Logical Topology DesiginTD) and Routing
and Wavelength AssignmenRWA. The LTD is based on
the following phases:

1) network partition, in which the network is partitied
into K clusters;

a network based on CANON paradigm whil

be the set of links connected to v
Let C, €V be thei-th cluster andy = |C;| be the number of
nodes inC;. Within each cluste€;, the unidirectional logical
ring LR, interconnects the, modesL R(j), with
Aa: 1. . .n, is thej-the node inLR (starting from some
rbitrary node in the cluster). Similarly, the picgs ring PR
is a cycle that contains all the nodes of the miaysopology
needed to construct the correspondiri®). An inter-cluster
mesh connects tH€ CTNs. LetCTN denote th€€TN node of
clusterC;. The routing among th€TNs is the shortest path,
according to the physical distance.

2.3. Toy example
Consider the example of LTD and RWA shown in Figudre

2) logical ring selection for each cluster, in which &rhe original physical network with N = 12 nodesk®wn in
logical ring is determined among all the nodeshin t Figure. 1(a) where circles represent the opticalesoand

same cluster;

3) CTN selection for each cluster, in which one node
designated aSTN

4) Logical mesh selection among t8&Ns finding a set
of light paths among all théTNsin the network.

lines is the fiber links. Assume K = 3. Initiallgs shown in
ifigure. 1(b), the network is partitioned into thobesters G

,C,,and G, where G, ={1, 2, 8, 9}, C, ={7, 6, 10, 11},
and C; = {3, 4, 5, 12}. Figure. 1(c) shows the CTNs sédelc
in each cluster, where the CTNs have been repesétthe

In the RWA the traffic demand is routed on the physicaqectangle. Figure. 1(d) shows the unidirectiongjidal ring

topology. Here, each one of the logical rings amel light
paths is assigned a path on the underlying physigallogy
of the original mesh network. The traffic is rout@ctording
to the hierarchical intra-cluster and inter-clusteuting
described above. Where we presented a hierarcbigtdal
Network Clustering algorithm consists of two phases

LR within each cluster. The nodes insidé ; are
interconnected byR ; = (2, 1, 8, 9),similarly LR, = (7, 6,
10, 11)and LR; = (4, 3, 12, 5). Figure. 1(e) shows the
physical rings corresponding to the intra-clusténgs: PR
=(2,1,8,9,10,7), PR= (6, 7, 10, 11) and PR= (3, 6, 11,
12,5, 4).
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Figure 1. Exampleof LTD and RWA for K =3 and N =12

2.4. Traffic demand
We define the traffic demand matrik = [t(s, d)], where

solution is used to approximate the optimal onereHé¢o
perform network clustering: our options are thddfeing i)
based on the physical topology. ii) basedToriii) distance
traffic product solution. We have studied the i &nd

3.1. Simulated Annealing

Simulated annealing (SA) is a generic probabilistieta-
heuristic for solving combinatorial problems [3A % based

on the analogy to physical annealing [4]. SA ttiesind a
good approximation to the global optimum of a given
function in a large search space. So, it triesvamidabeing
trapped in local optima by accepting both "goodti &had”
moves, and gradually lowering the probability oteuating
"bad” moves. Even though in theory, SA can find ¢ghebal
optimum. For certain problems, SA is efficienthitgoal is
mere to find an acceptably good solution in a fiaetbunt of
time, rather than the best possible solution. [6] &s
typically implemented [3], SA approach involves airpof
nested loops and three additional parameters, ngpaditior
and two real numbers are the minimum and the maximu
values of temperatum®

Let us define the following: A solutio8 denotes a feasible
solution for the problem. A neighbor solutighis a new
solution of the problem that is produced by altg&in some
particular way.F (S) is the cost function that is being
optimized bySA Figure 2 depicts th8A algorithm.[Path,

d] =Shortest-Path (G, v w) is a function that determines
two outputs. The first is a path, which represetiis
minimum length path from node, to nodev, in G. The
second ig, which represents the physical distance of a path.
We definePaths = [Paths (s, d)fhat isSN x N x N matrix,
where Paths(s, d)is an array of nodes having the shortest
path between nodeand nodel. Similarly, a distance matrix
that isN x N matrix denoted agist = [dist (s, d)] where dst

(s, d) 1 R+ denotes the shortest path between node s and

t(s,d) denotes the traffic demand, measured in integ@Pded according to the physical distance.

multiples of the wavelength capacity, to be carfiedn node
s to noded. Given the network partition, we definenax n
matrix T' iwa » @S the intra-cluster traffic matrix, whefe'

At the initialization step 1, it sef to a random feasible
solution. After that, the algorithm executes twags. An
outer loop is shown by step 5 and the inner loogeigicted

inra(S,d) denotes the traffic volume to be exchanged amori@ step 4. The outer loop runs for a fixed numbér o
nodess,d 11 C . For all theK clusters, we define the inter- iterations, this number is bounded by the initiadi ahe final

cluster traffic matrixTiyer Of size kxk, where Tiner (G, G)
denotes the aggregated traffic exchanged betweteredtit
clusters, i.e. routed through the corresponding £TN

3. Related Work

In general, network partitioning problem is a watlidied
subject. Mathematically, the network partitionirggdefined
on a graplG (V, E) such that it is possible to partiti@into
smaller partitions with specific properties, while input to
the partitioning algorithms generally consist ofed of nodes
and edge weights, while the output is a partitibthe nodes
that optimizes a given objective function. Methadsgraph
partitioning include bi-partitioning, balanced p#ohing,
partitioning with cost optimization, minimizing caize, and
so on. Some clustering studies consider the traffatrix
only. As for optical networks, the authors in [Ypposed to
partition nodes in a ring such that groups of naaiesexist
that have a high amount of traffic to each othet, there is
comparatively less traffic between nodes belongiog
different such groups, as it is desirable for tcaffemands
within a cluster to be denser than inter-clusteffic. The
MTSP problem is NP-Complete [2], a heuristic based

6. The inner loop is nested and executed insideotiter
loop. In each the inner loop iteration, the aldoritgenerates
S then it computes benefit & compared tdS equalsA =
F(S) — F (9 then the algorithm decides to mark $as the
current solution or not based on the equation awshin step
3.

1) Set initial current solution S to a random solution
2) Set the temperature # to some predefined value
3) While (equilibrium state not yet reached)

a) & =RANDOM-NEIGHROR(S)

b) A=BENEFT(S.,S)

c) Set S =& with probability:

_ i ifA=0

)= { emA8 fA<O

4) Reduce 8. If 8 == 8,,;,, then go to step 3)

Figure 2. Simulated annealing structure of the problem used
in this work.

Cn

P (S «

In the beginning, when running tiS&Athere is a large degree
of randomness at high temperatéteand as the temperature
has decreased the system converges to a statde Stathe
same result comes out when different initial solusi are
tried. All the parameters for our simulated anmegli
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algorithm are not independent for each problermaimst. We
repeat the process until no permutation of therpaters can
improve the performance.

3.2. ESA
So, we propose a new implementation based on Esten
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the goal is to find K clusters. Each node is beloggo one
and only one cluster in the solution. Then, the T®nsists
of finding intra-cluster rings for all K clusterall rings start
and end at any node, such that each other inteateedode
js visited exactly once and the total cost of cating all
odes is minimized. The cost metric is defineddrms of

Simulated Annealing (ESA) algorithm described ih [BSA distance in kilometers:

is used to solve the MTSP problem. Where distances

between cities are computed by Euclidean distafloe. ESA
has a good performance in term of quality and mugprime.

It was tested with a network of 400 cities, and tésds were
performed on an IBM PC-586(400MHz). The tests tialss
than 51 minutes to output the results. MoreoverA ESn

solve the MTSP without any transformation into ansard
form, unlike most heuristic algorithms [7]. Henee need to
solve MTSP problem with an input being the shopegh

not the Euclidean distance, modifications are néeddebe
introduced to ESA so it suits our problem. In fafctye try to

solve our problem using ESA, it could produce ptaisiings
that traverse a node more than once.

4. LTD - Network partition

The number of clusters, their composition, the neimobf
nodes within each cluster, and the correspondinysCrhust
be selected in a way that helps to achieve the gbal
minimizing the resources needed to carry the trafimands.
The selection of clusters is a complex and diffitask, as it
depends on both the physical topology of the ndtand the
traffic matrix. To illustrate this point, considdre tradeoffs
involved in determining the number of clustersKlfs very
small, the diameter and number of nodes of eadteriwill
likely be large. Hence, the optical light pathsvénse long
distances which lead to increase the number of agth in
the whole network. Moreover a large amount of htiester
traffic will lead to bottlenecks at the CTNs. Oretbther
hand, a large K value implies a small number ofasodithin
each cluster. In this case, the amount of intratelutraffic
will be small, resulting underutilize the capadaitythe light
paths. Similarly, at the second-level cluster, patfil have
to be set up to carry small amounts of inter-clustfic.

4.1. Network partition

Initially, we describe an offline heuristic basealusion to
partition the network nodes into a given numbeclofters
and eventually define the intra-cluster rings. lhist
construction method is based on clustering of nadehe
network, followed by identification of the shorteptath
connecting the nodes in each group to form a rifigs
heuristic solution considers the physical topoloather than
the traffic matrix as an input, due to a fact ttre physical
topology tends to be more stable over time thanttiic
matrix. Moreover, there is no relevant advantagease the
traffic is uniformly distributed. However, a goodalstion
produces clusters of anode within the same geograph
region, as this is a vital factor in terms of masragnt.
Secondly, this helps in reducing the overall cdstaploying
the network, hence leading to clusters with shaameters/
light paths thus requiring less number of wavelbagto
sustain the traffic demand matrix.

The goal to find K clusters in a given network sticht each
node belongs to only one cluster is similar in s@vWTSP
problem. This MTSP based solution (MTSP -based)lman
defined as follows: Given a network physical tomglolet

* InputG (V, E)andK;

« Output: {G} V i=y; output {LR; ()} Vi1 N, j1... ni

Note that the value of K is a given input of ouunstering
algorithm. In a more general framework for the wmaii
network design, an optimal value of K can be found
running the clustering algorithm with a set of caate
values for K and choosing the best K according dmes
utility function.

The implementation we consider in this sectionasda on
the general approach shown in Figure. 2. It is dadigi
similar to the MTSP formulation studied in ESA (tigh the
latter is based on a different input model and rojtation
goal). Here we report our implementation for MT Si&dd
algorithm without resorting to previous knowleddgeESA.
As previously mentioned, the algorithm takes ag;pot the
network physical topology and the outcome is thestelrs
and the logical rings and the solution S = {{', denotes a
clustered network.

There are three main issues related to the adaptafi the
general form approach of IlI-A to suit the MTSP éads
problem. i) Generation of the initial random satutifor S, at
this step, for each node, pick a random clusterasstciate
to it. ii) The design of the moves and neighborhetsdcture
S. Sis generated by altering S as shown in Figureue3used
two schemes for this purpose. In the first schethe,
algorithm finds a new permutation LR. The secortbsee is
the partitioning part in the algorithm, where ies to make
the size of the clusters balanced, but also ithedp to find
the arrangement of nodes in LR, for instance, isecd
chooses the same cluster twice this means, itangihg one
node position to a new position in the LR. Basigait is
exploring a new permutation of the cluster nod@és.The
design of the evaluation cost function.

RANDOM-NEIGHBOR
INPUT : & i’fcurrem solution
OUTPUT: & //neighbour solution

Perform one of the following at random

i. Intra-cluster step:
— choose one cluster €, at random
- pick two nodes(v,1, v,0) randomly form C
— in LR, swap the position of v,; and v,
ii. Inter-cluster step:
— pick two clusters (C;, ') at random
— from C. choose one node v, randomly
— move v from C; to € as follows:
+ remove v, from C, and LR,
* add v, to C, and insert v, in a random position

in LR,
Figure 3. Neighbor generation for MTSP Based algorithm

The MTSP-based algorithm generates the clusterssorie
through minimizing the cost function F(S). Accomglino
neighbor generation after each move, one or twoalesters
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is introduced Then the algorithm computes the henetild Resulting in a big reduction in the computationtaoseded
be gained or lost by the neighbor solution T®e benefit in each iteration. ThaoVisitis an array to store the number
equalsA = F (S) — F (S). To reduce the time that is nedded of time nodes is visited and is set to zeros dtaiigation.
compute A. We have proposed to compute only thé\nd « is a penalty to be paid if the path between the pa
difference in the gain, instead of recomputed | f8m sequence is not a disjoint path. At the end, tlgrighm

scratch. executesn + 1 iterations. Average number of nodes in a
1) Cost function evaluation: Then the cost functigB) can single path of Paths is equals |[LR|/n, which i&ibally, in
be computed as follows: average it needd (N+K/K) operations.
K .
FS) =3 (falLR) + Bfu(n) " 4.2. CTNs Selection
i=1 Within the scope of this phase inter-cluster mesh
fulng) = "N x log]f[”’) @ identification, we focus on the case that, the oetvalready

has been partitioned -regardless of the partit@pmaipproach-
into K disjoint cluster. The inter-cluster mesh conne€ts
CTNs by shortest path according to the physical. The
problemCTNs Selection is to eledf nodes, such that each
node belonging to a different cluster to act asghteway
and the coordinator of the other nodes in the seloster. In
the CANON paradigm context, the interconnection between
clusters is made througETN). TheCTNis a node inside the

; Jonen ) intra-cluster ring, besides that it is acting asgateway
result may contain clusters with different sizes. between it is own cluster and othir — 1 clusters. An
Computingfy(LR) is the most expensive function in term Ofgq ivalent mathematical formulation t€TNs selection
processing power, and it is needed to be perforafe® . ,piem is the Generalized Subgraph Probl@SR. The
exploring a new ne|g_hb0r solution in the aIgor_nHEm,_ We GSpis defined on a graph where the vertex ¥etis
have proposed two improvements to cope with th8€S 5 ritioned intoK clusters. The task is to find a subgraph
first a simplified version to computéy(LR), for more \ nich touches at most one vertex in each clusteassto
information see subsection IV-A2. Second improveni®to  ,ntimize an objective function. THBSPproblem takes only
computefy(LR) only for the changed clusters in the neighboy,o physical topology as input, and its only goslto

solution. minimize the total inteE€TN distance since it is likely to lead

Wherefy (LR) is the cost of distance covered®#, . f,(n) is
the entropy term to make the number of nodes ingidthe
cluster equally distributed. Whilg is the weighting factor.
The algorithm includes user-defined paramgténat can be
used to control the size and composition of clgsteither
directly or indirectly. The algorithm tregfsas an indication
of the desirable range of cluster sizes, rathen s hard
thresholds that cannot be violated. Consequertly, final

INPUT : G(V.E). LR, dist, and Paths to short light paths between differe@TNs, thus requiring
OUTPUT: f; fewer wavelengths. Also, this type of solution terd avoid
e A o — physical topologies with a large diameter for integsh; such

noVisit(v) =0, Vv € V :
for _l' th topologies are not a good match for the mesh Tayolo
A= algorithm which treats each cluster as a virtuasimén the

vl = LR {“3 other handCTN node capacity and traffic routing should also

v2= LR ((s+1) mod n) be considered. Specifically, observe th&TNs are

P = Paths (v1,v2) responsible for forwarding a larger traffic amotimn MEN

d = dist (v1,v2) nodes. Therefore, in order to lower the wavelength

requirements for the network as a whole, it is galhe
desirable to select a€TNs the nodes with the largest
bandwidth capacity, i.e., those with the largesysptal
degree. Th&SPproblem takes only the physical topology as

for each nodes v in P
noVisit(v) = noVisit(v) 4+ 1
if noVisit(v) > 2

="y input, and its only goal is to minimize the totater-CTN
end if distance and maximize the tofaTNs degree. Let us define
end for dist (CTN, CTN) the interCTN distance from CTNto CTN
fi=fi+d+a So, the total inte€TNs distance is
end for K K
o F= dist(CTN;, CTN;)
refurn f; ;le ]

Figure 4. Pseudocode of fd(LR), it computes the cost

function of the physical ring associated with tbgital ring ~ Similarly, e = E (CTN) denotes set of link¢e) that are

i i ) connected to node CThhat is the node degree. So, the total
2) Intra-cluster Logical Ring Codt(LR): We provide an ~1ns node degree is

algorithm to find the cost (distance length in kileters) and

the components (fiber links, optical nodes) arededefrom Fo = (CTN;)

the physical topology to construct the intra-cluste =1

unidirectional ringPRs In thei-th cluster,fy (PR) is the cost Is the sum of the number of edges connected teladited
function associated byR. For the sake of simplicity we use CTNs Hence, Generalized Subgraph ProbléBSH is a
LR, PR andfy, instead ofLR, PR, andF1 (PR). The new stronglyNP-hard problem [8], we have proposed a heuristic
algorithm is shown in Figure 4. The idea of theiiayement based solution there are two main issues relatedhé¢o
is to avoid computing the shortest path in eadtatiien. So, adaptation of the general form Ill-A approach f0TNs
the algorithm takes as input Paths that are oftiomputed. Selection problem. The first is the design of theves and
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neighborhood structure. The initial random solutiby
randomly select one node from each cluster andjassias

CTN of that cluster. For the move and neighbor desigfor s =1ton

always in each step select a random cluster and ehext
randomly one node to act @ Nfor the evaluation function:

maximize (F)
F=F1-pF2

Wherep is a weighting factor.

5. Routing and Wavelength Assignment

The goal of this phase is in two folds, first todithe routes
based on CANON topology, which is the outcome fribie

previous phase LTD, and secondly to assign the agths
in order to carry the traffic between network nod&sother

problem we face in this section is that of groomimhg

higher-layer traffic. The term grooming is commonbked to
refer to the packing of low-speed circuits intoHegspeed
circuits. In the rest of this section we will dissuseveral
aspects of the design of wavelength-routing neta/arlsome
detail. In subsection. V-A, we will compute therltluster
and Inter-cluster physical topologies. In subsectid-B, we

introduce a method for assign wavelength for theatoluster
and Inter-cluster connections.

5.1. Routing

According toCANONarchitecture, the route that carries th

traffic between any pair of nodes ] G andd [ G is
determined based on C i and C j . For instance ralge

wheret(s, d)passes through the physical topology is defin
as follows: ifi == j, we have intra-cluster routing that

includes all the nodes in the path of ring; BBing froms to

d. If i '=j then the route is constructed by three parts: T

first segment is the path betweeandCTN in the direction
of the ringLR, . The second is the shortest path betw&eN
andCTN. And the last segment is the path betw&&i\ to d
in the direction oL R,

1) Intra-cluster Physical RingR The goal of this algorithm
Figure. 5 is to findPR starting from a knowh.R. ThePR s
built as a sequence of shortest-p&hitially PR =1, the

algorithm starts from a node bR,; and always reaches the

next node of th&R,,, it computesP from v1 to v2 such that
P disjoint with PR Then it set(PR = PR v P). The
algorithm, continue until all the nodes have bemrched and
the last path closes the cycle. 2) Inter-clustesieial path: A

routes between any pair @TNs is found based on the

shortest path principle using tBgikstra’s algorithm [9].
5.2. Wavelength Assignment

We emphasize at this stage that we only use thesauvhich

are identified by the previous step regardless fudirt
congestion state. The routing of wavelengths oves

physical topology is performed according GANON

paradigm where shortest path principle is not veda In

particular the physical topologies assumed areipalygangs

utilized for Intra-cluster communications and gethenesh
that is constructed by shortest paths between aoiyraay

CTNs pairs to serve Inter-cluster communications. His t
work we consider that the wavelengths in a sindgerfare

grouped into wavebands. Each fiber link carri€s

wavebands, each waveband consisting Lofconsecutive
wavelengths. Hence, the total number of wavelengithsach
linkisW =F x L.
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INPUT : G(V,E) and LR

OUTPUT: PR
# n is number of nodes inside LR
/I take two adjacent nodes in the ring
v = LR (s)
o = LR ((s+1) mod n)

// compute the shortest path P and distance P between v
and vy on the updated GG
[P, d] = Shortest-Path(G, v1, v2)
PR = (PRUP) /f append to PR the sequence P
/! boost the cost of all the edges adjacent to P
for each nodes v in P
for each adjacent edge e = E(v)
c(e) = c(e) +v // update G
end for
end for
end for
refurn PR
Figure. Pseudocode of LR2PR algorithm, which computes
the physical ring

5.3. Intra-cluster Traffic waveband assignment

We now consider a Waveband assignment problem wkich
defined as follows, GivdPR} i, and T(s,d) determine a
route and wavelength(s) for requests, while miningzthe
maximum wavelength number is needed by any linkhin
opology. The wavelength assignment must obey the
ollowing constrains: i) two light paths must nat bssigned
the same wavelength on a given link. ii) If no wawgth

eaonversion is available, then a light path musagsgned the

same wavelength on all the links in its route. hysical ring
topology set up problem and we examine how it can b
Ived. We will assume that no connections are sagdy
the underlying fiber topology or the optical layé@) we
assume that all light paths are directional sintitathe ring
direction. iiii) All ring nodes perform grooming welength
into waveband. All the wavelength grooming do irticgd
domain without using wavelength conversion. Thispst
considers a single cluster at a time. It has tedréed out K
times in order to serve all the intra-cluster comiuations.
At the beginning, we compute T intra traffic matrbet us
consider the i-th cluster with already electedCTN,
predefined LR, and PR. Thus, T intra is computed as
follows:

T(s,d), s,d # CTN;

T(s,d)+ Y T(s,x), d = CTN;
Tiintra(s', d) = wEC

T(s,d)+ Y T(x,d), s = CTN;

zgC;

Basically, if nodes andd are notCTN nodes, thef (s, d)is

t the intra-cluster traffic request amount from nednd node

d. If, on the other hand, nodk(respectively, node) is the
CTNnode, thefT 'io(s,d)includes not only the intra

T 'inwa(s,d) cluster component, but also the aggregate inter-
cluster traffic originating at node(respectively, terminating

at noded). This definition ofT ',,4a(s,d) when eithers or d

are theCTN node. Then our approach assigns the intra-
cluster logical unidirectional ring-Rs over the physical
topology, and gets the physical unidirectional riRRs
Finally, assign wavebands oveR As a result we calculate
and print wavelength and number of ports used based
routing information.
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In the most general cas&, . (S, d) partially fill all the
capacity of a whole waveband. So, allow wavebaru$ @hd
drops atMEN nodes to fill the wavebands pass the nodes
the ring. Which on one hand is minimizing the wawgjth
cost, but on the other hand is increasing the numbports.
On intra-cluster we proposed an approach whicffigently
combines wavelengths traffic onto a single wavebarite
algorithm shown in Figure. 7. Which is based onraking
problem. The algorithm starts with the method @fuFé. 5 to

construct the physical rinBR Then it executes a loop that
runs untilTi,, IS served in its entirety. In each step within thg

loop, the algorithm find a free unreserved wavebAnging
the method which is depicted in Figure.Bis covering the

whole path ofPR on the physical topology. After that, the

algorithm tries to fill the whole capacity &f by establishing
connections and reducirig, by the amount of wavelength

that can be served with the given waveband usirg t

algorithm 8. Light paths into waveband. All lightath
grooming is per-formed in the optical domain withosing
wavelength conversion. To further explain the higheal
model, we use an ex-ample depicted in Figure 2.

INPUT : S //current solution
OUTPUT: S //meighbour solution

B+ 0
while found = 0
B+—B+1

forw=(B-1)xLtoBxL
for all e in P
if w in wavelength graph is exist in e
found = 0
break
end if
end for
end for
if B exceeds W/L, exit with failure
forw=(B-1)xLtoBxL
for all e in P
if w in wavelength graph is exist in e
W graph(vy, va,w) =0
break
end if
end for
end for
return B
Figure5. Algorithm WaveBand Assignment
Let us assume single wavelength Band paths arbliskied
between source and destination nodes using the-Ruut
Tinra Matrix is carried ovePR, the algorithm in Figure.?? is
used. A free waveband on tHeR is identified by the
algorithm Figure.??, then the algorithm Figure.8i$ed to
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Tinte1‘(Ci7 C;) = § T(S, d)7
seC;
deC;

ij=1.ki#]

in
then inter-cluster waveband matrix request is computed as
Tinter(Ci, C5) = >, [T(s,d)],

seC;
deC;

ij=1ok,i#

INPUT : S /lcurrent solution
OUTPUT: S //neighbour solution

B+«

PR = LR2PR(LR) //get the physical ring from logica
ring using algorithm LR2PR

while T;.;., is not empty

B = RBA(PR)
Tmim = Lintra ~ Fill B{ Tv'nﬁm 1)
end for

Calculate and print wavelength and
number of ports used based on routing information

return B
Figure 6. Algorithm Intra-cluster

The algorithm starts with the method of Figureo Eonstruct
the physical rind®PR Then it executes a loop that runs until
Tinra IS S€rved in its entirety. In each step within liihep, the
algorithm finds a free unreserved wavebaBdusing the
method which is depicted in Figure. 6. While iremntlauter
transport we use the second approach where thebanats
mostly filled and just transport them from sour€&N to

destinationCTN without further merging.

INPUT : Tiipra . n lf n=|LR|
OUTPUT: bw /in x n matrix, where bw(Z, j) denotes
/MW to be served from node i to j in LR
for i,j=1ton, bw(i,j)=10
for nohops=1ton
for i=1ton
j = (i + nohops) mod n
for i=itoj
needed = L — bw(l, (I + 1) mod n)
w = min(T; .0 (1, (1 + 1) mod n), needed)
W = min(W, w)
end for
for [=itoj
bw(l, (I+1) mod n) =bw(l, (I+1) mod n)+W
end for
end for
end for
Figure7. Algorithm to fill a WaveBand B with wavelengths

Win LR

fill the wavebandB with wavelengths and sever all the entry

in the matrix. Bandwidths are established over Rie and
the reduction is done.

At the end of intra-cluster, all traffic from theodes of a
clusterC; with destination outside the cluster, is carriedhie
CTN for transport to the destinatioc@TN. For K clusters,
with kxk traffic matrix Tiner = [Tineer (G, G)] Where i != j the
inter-cluster traffic matrix defined as
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INPUT : T
OUTPUT: Cy; Ca.cvvy %
Set Cq, Cy,...,Cr.=10
Set V' to all nodes in the network
fori=1to K
find z,y € V s.t. max (T) =T (z,y)
C; + {z,y}
V «— V\{z,y}
end for
while V = 0 do
fori=1to K
for each node j ¢V
;=0
Ci + C; U {j}
Intra (j) = TE s
Inter (j) = Tinter
;=0
end for

find i s.t Inter (j) = min (Inter)
if more than one j exist
take the first j s.t Intra(j) = max (Intra)
end if
C; + C; U {j}
V « V\{j}
end for
end while
return Cy,.. ., Ck
Figure 8. Pseudocode of Traffic based Clustering

INPUT : 1, C5, ..., Cr,and T
OUTPUT: K-CT Nsfori=1to K
for j =1 to n; // n; number of nodes in C}
sre = Cy(4)
Q +— V\C;
for d =1 to |@Q| // |Q| number of nodes in Q
dst = Q(d)
T inter (d) =T inter (d) + T (sre, dst)
T inter (d) =T inter (d) + T (dst, src)
end for
end for
find i s.t
Inter (j) = min (Inter)
CTN; = C;(j)
end for
return {CT N1}, ..., {CT Nk}

Figure 9. Pseudocode of Traffic based CTN selection

6.0ther Algorithms

6.1. K-center based clustering

In this subsection we provide a different approbaked on
physical distance rather than the traffic matrigémerate the
K clusters. This approach is based on well K-Cemiteblem
where:

* The inputG(V,E)andK;

» The output: {Cv}qjil

The K-Center problem is NP-Complete [?], [10], &nel best
approximation ratio that can be obtained in polyi@rime
is 2 [?], [15]. We use k-center implementation D8] which
is originally aims reduce network cost through &iehical
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for building logical ring. So, a father stage regdi to
produce cheap permutation of the nodes. We conshier
stage to be the ASTP Solver as shown in subsevtidh

6.2. Traffic based clustering

Traffic based is an offline heuristic based solutio partition
the network nodes into a given number of clustend a
eventually define the intra-cluster rings. This tstic
approach based on the traffic matrix rather thagsichl
distance to generate th€ clusters and similarly, th&
correspondentTNs.

e The input T and K )
« The output: {C;}N,: {CTN;}E,

As an objective, the Traffic-based tries to minienthe intra-
cluster traffic exchange. This algorithm consid&rsand it
does not take into account the physical topolognck, it
may group together nodes that are far apart.

The Traffic-based have two stages:

1 The clustering: Figure. 9 depicts Traffic-baskgathm, it
initially start with an empty K clusters and V issat of N
nodes. The algorithm try to grow thé cluster together by
adding a node per cluster at time. In each stef threer is
minimized. Break ties by selecting the cluster hhe
maximumTina -

Figure. 10 shows Traffic-bas&ir'Ns selection algorithm, for
each cluster the algorithm elect the node thakchanging
the largest amount of traffic with nodes belondinglifferent
clusters. And finally to produce the intra-clustegs

{LRi ()} N

i=1...N, j=1..., n i. TheASTP Solver is used as fully is
described in subsection VI-C.

6.3. ATSP Solver

This section presents the ATSP Solver which is uskdn
the clustering phase was done by the K-centerefTtaffic
based techniques. As an input it takes unorderedtes
nodes (e.g. if the clustering was done by the Kereor the
Traffic based algorithms) and output the cluster
corresponding logical ring LR and physical ring PLRt j

denotes the j-th node in a network, and AT SP @€notes
ATSP Solver with the input being the;.CThe benefit
function B and the cost functidfi for solving theATSP(C)

are defined by the following equations:

F=B-pxF 3

N
B = Zuj x N ()
j=1

F1=F1(PR,)) 5)

P if jel;

3= 0 otherwise

N, = 1 if J € PR;
’ 0 otherwise

Where,uj is a benefit of including j in the solution,is a
large enough real value to ensure that all nod€3 will be
included in the finalPR, g is a weighting factorN; is
function equals when the j-node is included®R . F 1 PR)
is computed with th&1PRin subsection 4. As an objective,

traffic grooming inWDM networks. In our work, we consider ATSPSolver maximizes the benefit function F. Howewvee,
that theCTNsis equivalent hub nodes of [10]. The resulting'S€dATSPSolver implementation found in [S]. The only one

clusters form k-center have expensive permutationoale
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modification is needed to be introduced&8Aso0 it suits our
problem. That is to optimize our cost function F.

7.Numerical results

In this section, we present experimental results
demonstrate the function and performance of oustetfing
algorithms.

7.1. Reference network topologies
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The nodes were chosen in such a way that theydacdome
of the European Internet Exchange Points; and ¢uersl
topology is an extended version from the first avgere
more European countries is added to the first nétaod we

all it Large Pan-European network topology, whiish

shown in Figure. 11; The large topology consisBdfnodes
and 47 links.

The third topology is an ideal topology network aihds

schematically shown in Figure 12. This topology sists 64

The experiments were applied on two different nekwo nodes and 120 links; It is pointed out that thealdepology

topologies: Figures 11 and 12 represent the usédorie
topologies, in the two figures nodes shown as &#rend the
lines between circles represent the links of théwok
topology; more over the number inside each cirsléhe 1D
of the correspondent network node. For all theetimetworks
the total area considered in are scaled to fit &ntnit area.
To compute the distance between directly connecitazs in
the network the latitude and longitude and we ugkche
approximation method described in [11]. And thistalnce
stored in D but in case there is no link betweendities the
distance is equal to shortest path distance. Thetéipology
is the Pan-European core; The Pan-European coveoriet
consists of 16 nodes and 23 links.

Figure11l. IDEAL Network topology

provides for more connectivity i.e. it has a highember of
links.

7.2. Trafficload profiles

We consider both fixed and random traffic scenaria p
be the input load at each source node, gridetload from
source node i to destination nodeT] £ [t;] is called the
traffic matrix). The traffic matrix of each problemstance
we consider is generated by drawihg x (N -1) float
numbers. Nodes inside the network do not excharaféict
between them self so in all scenarfog = 0.0 if i =j. To
illustrate that our approach works well for diffeteraffic
patterns, we consider four patterns in our study:

» Fixed traffic pattern. we assign a fix float numioér
all the elements of the traffic matrift;] = p. Fixed
traffic matrix does not have any particular struetu
that takes into account the geographical a proyimit

between nodes, and nodes exchange deterministic

amount of traffic with all other nodes in their ster
or out of their cluster, so in this case there rame
benefits from taking in account traffic matrix inet
proposed clustering algorithms.

e Uniform random pattern. This pattern is a standard

practice among researchers used to assess any
network algorithm under such scenario. To generate

a uniform random traffic matrix for a problem
instance, we drawN x (N — 1) float numbers from
uniform distribution, where the values fall in the
traffic elements take values in a wide range in the
interval, and loads of individual links also vary
widely.

[0.0 L}

Nx(N-1)
We have found that random patterns are often
challenging in the context of network hierarchical
clustering algorithm since the matrix does not have
any particular structure that can be exploitedhwy t
algorithm. Nearest traffic pattern. This pattern is
such that nodes physically close to each other
exchange more traffic than nodes far away from
each other. Specifically, the node pair with
minimum physical distance between all possible
nodes pair in the network will exchange among
them self the largest amount of traffic, lgt.doe the
minimum possible distance between all nodes pair
in the network and jdis the shortest path distance
between nodé and nodg, then the corresponding
node pair will exchange h load from uniform
distribution, where the values fall in

[D'D Nx[.lf.f—l] x d‘j::n}
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« Farthest traffic pattern. This is the opposite lué t the previous observation: we propose for this hadaal
nearest pattern in pattern nodes physically faryawaapproach can be for intra-cluster transport we theefirst
from each other exchange more traffic than nodegpproach which aims to combine wavelength into \Wwand
close to each other. In fact, the node pair with thin all the ring nodes. While in inter-claster trpog we use
maximum shortest path physical distance betwedhe second approach where the wavebands mosty &ihd
all possible nodes pair in the network will exchangjust transport them from sourd@TN to destinationCTN
among them self the largest amount of traffic, letithout further merging. During this phase, we tficsvide
dmax to be the maximum possible shortest patthe traffic matrixT into two different types: The first class
distance between all nodes pair in the network arrépresent the intra-cluster communication. Andseond is
d; is the shortest path distance between node i afer-cluster communication.
node j, then the overspending node pair wil

exchange h load from uniform distribution, where [#hops] (SA) vs. (K)-center

values fall in 20 o) T T T Kavehops
|:D 0 o x dij } wl 5 K-max-hops ) |]
: NXI:N—].:I dmin |~ 60 | L : gﬁig:ﬁz - |
7.3. Network Cost o f'J 1
We assume that there are two types of optical arosaect g 40 | . S = _
(OXQ) in the network. The first group which is useddfNs ) 0 wi L e
The second is used in Metro-Edge Nod®EKS). All the o i
nodes belonging to the same group have exactlysdinee 20 = N o T
capabilities (i.e., in terms of switching and graogn il I S 0
capability). Clearly, the number of clusters, theil z '4 'ﬁ s 1'0 1'1 1'4 o

composition, and the correspondi@J Ns must be selected
in a way that helps achieve our goal of minimizihg total
number of optical ports and wavelengths requirechioy the ~ Figure 12. lllustrates the relation between number of hops
traffic demands. Therefore, the way of building thesters  and number of Clusters using Simulated Annealirgjkan

pumber of Clusters

and CTNs is a complex and difficult task, as it depends on center algorithms

both the physical topology of the network and theffic distance [km]. (SA) vs. (K)-center

matrix. To illustrate this point, consider the teaffs zggg [ 2 ' ' ' Fomn fops —5— ||
involved in determining the number of clusters.idfvery gl & Hmesnops A |
small, the amount of inter-cluster traffic genedatsy each G000 [ SAavghops [
cluster will likely be large. Hence, theTNs may become & 4222 I _ 1
bottlenecks, resulting in a large number of optigalts at 3000 L B, el ' 4
eachCTN and possibly a large number of wavelengths sinc 2000 | =S S g
many light paths may have to be carried over thxedfi i ] e .
number of links to/from each CTN. On the other haad T 4 s s 10 12 11 16

number of Clusters

Figure 13. lllustrates the relation between distance and
number of Clusters using Simulated Annealing anckiter
algorithms
avg - [#hops] Ctos (SA) vs. (K)-center

large value for implies a small number of nodesiniteach
cluster. In this case, the amount of intra-clustadfic will be
small, resulting in inefficient filled Waveband.nSlarly, at
the second-level cluster, paths will have to beugeto carry
small amounts of inter-cluster traffic.

In this work we consider that the wavelengths isirgle 1204

fiber are grouped into wavebands. Each fiber linkriesF 10k 3 q

wavebands, each waveband consisting Lofconsecutive =

wavelengths. Hence, the total number of wavelengthson 8 [

each link is W = F x L. The first approach encourages ) s -

waveband merges and splits, a number of bandsrapped 2 i e
to theWXC layer before being added back to BXC layer al e
again. This increases the number of ports needtt atodes PR

where waveband merges/splits take place. The setiund Bt S

hierarchical approach, band merges and splits ae ¢

allowed. The bands are routed between source a oz ; e ” 5 33 a1 i

destination without modification. As a result, tHist
approach uses more ports than the second apprOacthe
other hand, the first using less number of wavdlengn the Figure 14. lllustrates the average number of hops while
considered hierarchical modé&,TNsmostly originating and changing number of Clusters using Simulated Anngadind
terminating a larger number of wavelengths thdEN nodes. K-center algorithms

So, the traffic betwee@TN s should be transported in bulkFor results in Figure 13, 14, and 15 below listmgfaning of
quantities like wavebands. While connection recquedst used metrics. Routing the light path betw&rNsfor each
wavelength routed inside a single cluster ofteruiregless destination cluster start from the farthest soatuster.

capacity than is available on a single WavebandeBaon

number of Clusters
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N N
Z Zh ops;;

1. Average hops = %
N N
>3 dist
x —T:g—1
2. Average distance = —
. CENxW-)
N N

i=1 j=1
N N

>3t

i=1 j=1

hops;; x t;;

3. Average hops per traffic =

N

N
Z Z(fisfij X tij

i=1 j=1

N N
55,
hopy Vi, j € N)
N)

4. Average km per traffic =

5. maximum distance in hops = max
6. maximum distance in km = max(km;; Vi, j

8.Conclusions

Network design process is very important in ordebalance
between the investment in the network and the siges
offered to the network user, taking into consideratboth
minimizing the network investment cost, on the othand,
maximizing the quality of service offered to thestamers as
well. Partitioning the network to smaller sub-netkgcalled
clusters is required during the design processderato ease
studying the whole network and achieve the desigrcgss
as a trade-off between several attributes suchuasty of
service, reliability, cost, and management. UndaNON a
large scale optical network is partitioned into umber of
geographically limited areas taking into accountnyna
different criteria like administrative domains, tdpgical
characteristics, traffic patterns, legacy infrastinge, ... etc.
An important consideration is that each of theassteks is
comprised of a group of nodes in geographical pnayi
The clusters can coincide with administrative darsabut
there could be many cases where two or more ctubtdong
to the same administrative domain. Therefore, i rhost
general case the partitioning into specific clustean be
either an off-line or an on-line process.

In this work only the off-line case is considerdd. this
Study, we look at the problem of designing effiti@devel
Hierarchical Optical NetworksHON), in the context of
network costs optimization. 2-leviellON paradigm only have
local rings to connect disjoint sets of nodes amfiohal sub
mesh to interconnect all the local rings. We presan
Hierarchical algorithm that is based on two phads®
present results for scenarios containing a setaff optical
topologies.
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