
GLOBECOM2001– A. NUCCI ET AL, “DESIGN OF FAULT-TOLERANT LOGICAL TOPOLOGIES.. . ” 1

Designof Fault-TolerantLogicalTopologies
in Wavelength-RoutedOpticalIP Networks

A. Nucci
�
, B. Sans̀o

�
, T.G.Crainic

�
, E. Leonardi

�
, M. AjmoneMarsan

��
– Dipartimentodi Elettronica- Politecnicodi Torino�

– Departementof ElectricalandSoftwareEngineering- ÉcolePolytechniquedeMontréal�
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Abstract—
In this paper we illustrate a new methodologyfor the designof fault-tolerant log-

ical topologiesin wavelength-routed optical networks exploiting wavelength division
multiplexing, and supporting both unicastand multicast IP datagram flows.

Our approach to protection and restoration generalizesthe “design protection”
concepts,and relieson the dynamic capabilitiesof IP routing to re-routeIP datagrams
when faults occur, thus leading to high-performancecost-effective fault-tolerant logi-
cal topologies.

Our approach to protection and restoration for the first time considers the re-
silience properties of the topology during the logical topology optimization process,
thus extending the optimization of the network resilienceperformance also on the
spaceof the logical topologies.

Numerical resultsclearly show that our approach outperforms the previous ones,
and is able to obtain very goodlogical topologieswith limited complexity.

Keywords— WDM Networks; Logical Topology Design; Survivability; Fault-
Tolerance;Multicast

I . INTRODUCTION

For theshort-termimplementationof a high-capacityIP infrastruc-
ture,network designersareconsideringtheuseof opticalnetworksex-
ploiting WavelengthDivision Multiplexing (WDM) and Wavelength
Routing (WR). Indeed,suchnetworks permit the exploitation of the
hugefiber capacity, with no needfor complex processingfunctionali-
tiesin theopticaldomain.

In WR IP networks,nodescompriseanopticalsection,andanelec-
tronic section;theformeris anopticalcross-connect(OXC), while the
latteris ahigh-capacityIP router. Nodesareconnectedby opticalfibers
over which a WDM schemeis implemented.At eachnode,incoming
WDM channelscaneitherbetransparentlyconnectedto outgoingchan-
nelsthroughtheOXC, possiblyafterwavelengthconvertion (but with
no processingof in-transitinformation),or convertedto theelectronic
domain,so thatpacketscanbepassedto the IP router, processed,and
possiblyretransmittedafterIP routing.

This setupallows the definion within the optical domainof semi-
permanentopticalpipescalled“lightpaths” thatmayextendover sev-
eralphysicallinks. Thus,lightpathscanbeseenaschainsof physical
channelsthroughwhich packets are moved from a router to another
toward their destinations.OXCs transparentlyconnectthe incoming
WDM cannelscorrespondingto in-transitlightpaths,andconvert to the
electronicdomainthe incomingWDM channelscorrespondingto ter-
minatinglightpaths.

Thesetof lightpathsandroutersdefinesalogicaltopology, overlayed
to thephysicaltopologymadeof opticalfibersandOXCs.

In orderto bestexploit thecapacityof a WDM infrastructure,a cru-
cial taskthusis the identificationof thebestfeasiblelogical topology
for thetransportof a giventraffic pattern.

In recentyears, the Logical Topology Design (LTD) problem in
WDM networkswasextensively studied,consideringa numberof dif-
ferentsetups.It wasshown thattheidentificationof theoptimallogical
topologyis computationallyintractablefor largesizenetworks[1], [2],
andseveralheuristicapproacheswereproposedfor theidentificationof
suboptimalsolutionsin severaldifferentconditions[3], [4], [5].

Thesearchfor goodsolutionsof theLTD problemcanconsiderdif-
ferentobjectives;in this paperwe concentrateon animportantcharac-
teristicsof thelogical topologythatis producedby theLTD algorithm:
its resistanceto physicalfaults.Notethat,sinceseveral lightpathsmay
traversethe samefiber on differentwavelengths,the fault of a single
physicallink maycausethedisruptionof a numberof lightpaths.

Many physicallevel protectionand/orrestorationschemeswerepro-
posedfor WR networks (see[6], [7] for a survey). Suchschemesal-
waysrely on the presenceof spareresourcesin the network, that are
usedto restoredisruptedlightpaths. In general,two disjoint physical
paths��� and��� areassociatedwith eachexisting lightpath � . In normal
conditions,only path��� is usedto supportlightpath � ; however, enough
capacityis reserved on � � to be ableto re-routelightpath � whenone
of the physicallinks belongingto � � fails. Protectionand/orrestora-
tion schemesnormallyguaranteetheresilienceto thefailureof asingle
physicallink; thus,thecapacityto bereserved in thenetwork mustbe
sufficient to successfullyre-routeall the lightpathsdisruptedby a link
failure.

The main advantage of physical protection and/or restoration
schemes,is that they entail no complex managementprocedure,and
thusguaranteefastrestorationsto link failures.Theirmaindrawbackis
thata largeamountof network resources,in termsof bothprocessing
andbandwidthis devotedto restoration.As a consequence,physical
protectionand/orrestorationschemes,in many situations,arenotcost-
effective.

In [8], [9], [10], a different fault-tolerancemethodologycalledde-
sign protectionwaspresented.In this case,restorationis obtainedby
exploiting thedynamiccapabilitiesof IP routing.Whenaphysicallink
fails in theopticalnetwork, theIP routingalgorithmis ableto updateits
tables,andrestoredisruptedpaths,if thesetof non-disruptedlightpaths
still formsa connectedtopology. In orderto achieve a gooddegreeof
fault resilience,it is fundamentalto map (i.e., to route)the lightpaths
ontothephysicaltopologyin suchawaythat,givenany singlephysical
link failure, thesetof non-disruptedlightpathsstill formsa connected
network. Thus,anoptimizationof thephysicalmappingof lightpaths
is necessary[9], [10].

In thispaperwegeneralizethedesignprotectionapproach,providing
a powerful framework for thedesignof logical topologieswith a good
degreeof fault resilience.Our approachdiffersfrom theapproachpro-
posedin [8], [9], [10], sinceit considerstheresiliencepropertiesof the
topologydirectly duringtheLTD optimizationprocess,thusextending
theoptimizationof thenetwork resiliencepropertiesalsoto thespace
of thelogical topologies.In addition,we furtherextendthedesignpro-
tectionapproach,alsoconsideringmulticasttraffic.

Note that, accordingto the designprotectionapproach,restoration
requiresthe executionof signallingandmanagementprocedures,and
thusentailssignificantrestorationtimes;however, designprotectionis
muchmorecost-effective with respectto physicalprotectionschemes.
Thus,designprotectionshouldnot be consideredasan alternative to
physicalprotection,but asacomplementarytechniquethatmaybesuc-
cessfullyemployed in orderto reducethe level of physicalprotection
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requiredto achieve a desiredlevel of fault-tolerance.

I I . PROBLEM STATEMENT

TheSurvivableLogicalTopologyDesignProblem(SLTDP)undera
givenunicastandmulticasttraffic patterncanbestatedasfollows:

GIVEN:
i) anexisting physicaltopology(which mustbeat leastbiconnected),
comprisingnodesequippedwith a limited integer numberof tunable
transmittersand receivers, connectedby optical fibers that supporta
limited numberof wavelengths;

ii) a descriptionof theaveragetraffic exchangedby sourcesandsetsof
destinations;

iii) a multi-hoproutingstrategy, definedbothfor unicastandmulticast
flows;

iiii) a failurescenario;
FIND

a logical topology and a “mapping” that optimize (i.e. maximizeor
minimize)anobjective function.

Theobjective functionmustbecarefullyselected,in orderto obtain
thebesttrade-off betweennetwork performancein normalcondititions
andresilienceproperties.Sincethe network performancedependson
thenetwork failurestate,theobjective functionsmustcombinethenet-
work performancelevelsunderdifferentnetwork failurestates.There-
fore, it is necessaryto introducetheconceptof “f ailurestateprobabil-
ity”, which representstheprobability for thenetwork to be in a given
failurestate,aswill bebetterexplainedin thenext sub-sections,where
we reporta formulationof theSLTDP.

Finally, for what concernsthe multi-hop routing strategy adopted
on the logical topology, we selectedshortestpath routing for unicast
traffic, andtheSCTFalgorithmproposedin [11] for multicasttraffic.

A. ProblemFormulation:

A.1 Notation

We adopt the notationaltypology for multi-layerednetworks pre-
sentedin [12]. Thesupra-index indicatesthelayer, startingby thelow-
estlayer, zero,thatrepresentsthephysicalnetwork. Let 	�

����������
��
be the unidirectionalgraphrepresentingthe physical topology. It is
composedby OXC nodes� interconnectedby optical fibers � 
 . Let� � � ��� be the cardinalityof set � and

� � 
 � ��� that of the set� 
 . Let � � and !�� bethenumberof receiversandtransmittersatphys-
ical node"$#%� , &(' bethemaximumnumberof wavelengthsallowed
within opticalfiber )*#%��
 . Let + ' bethenetwork state,where+ 
 rep-
resentstheno-failurestate,while + ' for )*,.- is thestatein which the
opticalfiber )/#(� 
 is broken. Let 	 �0 ��+ 
 �1�2������� �0 ��+ 
 �3� bethedi-
rectedgraphrepresentingthe �5476 logical topologyin thenofailurestate.
It is composedby IP routers � interconnectedby lightpaths � �0 ��+ 
 � .
Let 8 bethesetof all possiblelogical topologiesin theno failurestate,
while 9��;: 0 � �0 ��+ 
 � be the setof all possibleslightpathsthat can
take placein any logical topology. Let 	 �0 ��+�'<�=�2���=��� �0 ��+>'?�3� denote
the � 456 logical topologyin thenetwork state+�' , obtainedfrom 	 �0 ��+ 
 �
by droppingall the lightpaths @A#B� �0 ��+ 
 � crossingover the optical
fiber )*#/� 
 . Let CD����EGFIHJ� indicatetheaveragetraffic matrix where
eachentry E FIH representstheaveragetraffic flow betweenthesource
node K andthedestinationset L . Notethat theunicasttraffic is a par-
ticular caseof the multicasttraffic in which

� L � �M- . Let N FIH0 ��+ ' �
be the routing tree for the traffic relation betweenK and L over the�5476 logical topologyin thenetwork state+>' , determinedby theglobal
routing algorithmfor unicastor multicast. The routing tree N FIH0 ��+�'<�
is composedof a subsetof lightpathsof set � �0 ��+�'<� . If N FIH0 ��+�'?�
�PO
no routing for theconnectionbetweenK and L is possiblefor the � 476
logical topologyin thestate+�' . Let Q FIHR 0 ��+�'<�$#TS�UV�W-�X beanauxiliary

variablethat is equalto 1 if @(#YNVFIH0 ��+ ' � and0 otherwise.Finally we
usethe variable Z FIH0 ��+>'?�[#\S]UV�W-�X to determinewhetherthe connec-
tion K?L is lost in network state+�' for the �^476 logical topology;in factZ FIH0 ��+�'<� is equalto 1 if N FIH0 ��+>'?�_�`O and0 otherwise.

A.2 DecisionVariables

Two typesof binary variablesare introducedinto the formulation:a 0R and b 0R ' thatcorrespond,respectively to logical topologyandmap-
ping variables.Logical topologyvariables

a 0R #.S]UV�W-�X describethe
lightpathsusedin the � 476 logical topology 	 �0 ��+ 
 � :a 0R � c -d� if auxiliary lightpath @/#/9 is

usedin logical topology 	 �0 ��+ 
 �Ue� otherwise

Then we can state that the used logical topology 	 �0 ��+ 
 �f�������� �0 ��+ 
 �3� has� �0 ��+ 
 �_�\S�@%g a 0R �A-d�h@%#/9iX .
Mappingvariablesb 0R ' #jS�UV�W-]X describethe routing for the light-

pathsof thelogical topology 	 �0 ��+ 
 � over thephysicaltopology 	�
 :
b 0R ' � c -?� if lightpath @%#/� �0 ��+ 
 � crosses

over theopticalfiber )*#/� 
UV� otherwise

A.3 Mathematicalmodel

Let kil1�7"m� be the setof lightpathsoutgoingfrom node "[#�� andk�n$�7"m� be the setof lightpathsingoing to node "o#P� . We can then
write:

A.4 Constraintsp Connectivity: q
Rer<s?t�u �wv a 0Ryx !�� z{"=#%���|��#/8 (1)q
R}r}s}~�u � v a 0R x � � zV�[#%�=���i#/8 (2)

p Mapping:b 0R ' x a 0R z{@%#/� �0 ��+ 
 �|�3)*#%� 
 �3�_#�8 (3)

where:
(1) indicatesthatthenumberof lightpathsoutgoingfrom eachnodeof
the network hasto be smallerthan the numberof transmittersin the
node,for eachlogical topologyin theno failurestate( 	 �0 ��+ 
 � );
(2) indicatesthat thenumberof lightpathsingoingto eachnodeof the
network hasto besmallerthanthenumberof receiversin thenode,for
eachlogical topologyin theno failurestate( 	 �0 ��+ 
 � );
(3) ensuresthata lightpathcanbemappedonly if it exists in thecon-
sideredlogical topology.

To extend the formulation to the casein which a limited number
of wavelengthsis available, it is necessaryto introducean additional
constraint.Let & ' be the numberof wavelengthssupportedon each
fiber. The set of lightpaths )B#�� �0 ��+ 
 � must satisfy the following
constraint:p Mapping q

R}r}���� u��d� v b 0R ' x &(' z{)*#�� 
 �|��#%8 (4)

where:
(4) indicatesthat thenumberof lightpathsthatcrossover eachoptical
fiber hasto besmallerthanthemaximumwavelengthcapability. The
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setof lightpathsthatdoesnotsatisfy(4) is thesetof lightpathsthathave
not successfullymappedon the physicaltopology. Note that, in this
case,	 �0 ��+ 
 � comprisesonly thelightpathsthathasbeensuccessfully
mappedon thephysicaltopology.

A.5 Objective functions

As objective functionswe selectedfour possibleexpressions:

! � 0����� � �o�]��
q
F�� H Z FIH0 ��+ � ��E FIH (5)

� 0����� � �o�]�� �o�]�Rer<� �� u��d� v
q
FW� H Q FIHR 0 ��+ � ��E FIH (6)

!
� 0���m�W� �
�q
��� �*�i� ��+ � �

q
FW� H Z F�H0 ��+ � ��E FIHT�

� � ��+ 
 �
q
FW� H Z FIH0 ��+ 
 ��E F�H (7)

� 0���m�W� �
�q
��� � �i� ��+ � � �o�]�Rer<�i�� u�� � v

q
FW� H Q FIHR 0 ��+ � ��E FIHY�

�i� ��+ 
 �¡�o�]�R}r}� �� u��d� v
q
FW� H Q F�HR 0 ��+ 
 ��E FIH (8)

where:p ��� ��+ � � : representsthe “stateprobability”, i.e., the probability that
thesystemis in thestate+ � ;p (5) and(6): representrespectively the maximumamountof traffic
that cannotbe routed(lost traffic) andthe maximumcongestionlevel
over all the network states+ � for the � 456 logical topology. Note that
traffic E FIH is consideredlost only whenthesetof working lightpaths
doesnot provide a pathfrom K to all thedestinationsin L , (i.e.,we do
notconsiderlossesdueto lightpathscongestion).p ( 7) and( 8): representrespectively themeanlosttraffic andthemean
congestionlevel overall thenetwork failurestates+ � for the �5476 logical
topology.

Notethat,in general,theevaluationof eachobjectivefunctionwould
requirethecomputationof somenetwork performanceindex underall
the ¢ � possiblefailurestates;however, sincewe aremainly interested
in singlefailure resilienceproperties,we restricttheevaluationof the
above objective functionsto the states+ � associatedwith the normal
operationalconditionsandwith singlelink failurestates.

Notethat,if theinequalities(3) and(4) arerelaxed,and �i� ��+ 
 �_�A- ,i.e., if we assumethat therewill never bea failure,theSLTD problem
reducesto thetraditionalLTD problem.

Unfortunately, the SLTDP is NP-hard,since it is a generalization
of the traditionalLTD problemthat wasproved NP-hard,thus in the
next sectionwe presenta heuristicmethodologyfor thesolutionof the
SLTDP, basedon theapplicationof Tabu-Search.

I I I . MAPPING BETWEEN PHYSICAL AND LOGICAL TOPOLOGY:
HDAP

The definition of algorithmsthat optimally map the lightpathson
thephysicaltopologyis animportantsub-problemof theSLTDP. This
problemis relatedto inequalities(3) and(4) in SectionII. The map-
ping problemis solvedby analgorithmthat,givena logical topology,
findsaroutingfor eachlightpathof thelogical topologyontothephys-
ical topology, suchthat a singleoptical link failure leavesthe virtual
network connected.

In [8] this problemwasfound NP-complete,andTabu searchwas
proposedto find a sub-optimalsolution. However, sincethe mapping
problemis only apartof SLTDP, theutilizationof Tabu searchto solve

themappingproblemcouldhave a disruptive impacton theCPUtime
necessaryfor thesolutionof SLTDP.

Thus, for the solution of the mappingproblemin this sectionwe
presentasimplegreedyalgorithm,theHeuristicDisjoint AlternatePath
(HDAP),whosecomputationalcomplexity is small.A brief description
of theHDAP algorithmfollows.£ L*¤ � algorithm

Let ¥¦�§�7"m� and ¨}���7"�� be the setsof alreadyroutedlightpaths,re-
spectively outgoingandingoingfrom andto node" , andlet ¥¦�©�7"m� and¨}�©�7"m� bethesetsof outgoingandingoinglightpathsnotyetrouted.Let� � � bethelightpathbelongingto thelogical topology, with endpoints"
and � . Let ª denotea setof nodes.Initialize ª to thesetof all nodes
in thenetwork:
Step0: route all lightpaths �«� � whoseendpointsare adjacentin the
logical topology. Insert � � � in �¬¥¦�§�7"m�|��¨}�§���e�3� andextract � � � from�¬¥¦�©�7"m�|�|¨}�©���e�3� ;
Step1: if ªP�`O STOP, otherwiseselect"$#%ª andextract " from ª ;
Step2: if ¥¦�(�7"��­�®O GOTO Step3,otherwiseselecteach � � � #¥¦�©�7"m� andtry to find a routefor � � � which is physicallydisjoint from
the routeson which the � � � #¯¥¦�§�7"m� andthe � � � #j¨}�§�¬°G� have al-
readybeenrouted. If a physicallydisjoint routefor � � � hasnot been
found, � � � is routedon the shortestpath. If also the shortestpath is
not available,dueto the lack of freewavelengths,lightpath �«� � is not
mapped.
Step3: if ¨}�©�7"m�%�MO GOTO Step1,selecteach � � �%#�¨}�©�7"m� and
try to find a routefor � � � which is physicallydisjoint from the routes
on which the � � ��#`¨}�§�7"m� andthe � � � #`¥¦�§�¬°G� have alreadybeen
routed. If a physicallydisjoint routefor � � � hasnot beenfound, � � �
is routedon theshortestpath. If alsotheshortestpathis not available,
dueto thelack of freewavelengths,lightpath � � � is notmapped.

IV. TABU SEARCH FOR THE SLTDP: TABUSLTDP

A. General descriptionof Tabu Search metaheuristic

Theheuristicwe proposeto usein thesolutionof SLTDP relieson
theapplicationof theTabu Search�7! +$� methodology. The ! + algo-
rithm canbeseenasanevolution of theclassicallocal optimumsolu-
tion searchalgorithmcalledSteepestDescent(SD);however, thanksto
theTSmechanismthatallowsworseningsolutionsto bealsoaccepted,
contraryto SD, TS is not subjectto local minimaentrapments.TS is
basedon a partialexplorationof thespaceof admissiblesolutions,fi-
nalizedto thediscoveryof agoodsolution.Theexplorationstartsfrom
an initial solutionthat is generallyobtainedwith a greedyalgorithm,
and when a stop criterion is satisfied,the algorithm returnsthe best
visitedsolution.For eachadmissiblesolution,aclassof neighborsolu-
tionsis defined.A neighborsolutionis definedasasolutionthatcanbe
obtainedfrom thecurrentsolutionby applyinganappropriatetransfor-
mation,andis alsocalleda move. Thesetof all theadmissiblemoves
uniquelydefinestheneighborhoodof eachsolution.

At eachiterationof theTS algorithm,all solutionsin theneighbor-
hoodof thecurrentoneareevaluated,andthebestis selectedasthenew
currentsolution. Note that, in orderto efficiently explore thesolution
space,thedefinition of neighborhoodmay changeduring thesolution
spaceexploration;in thisway it is possibleto achieveanintensification
or a diversificationof thesearchin differentsolutionregions.

A specialrule, theTabu list, is introducedin orderto prevent theal-
gorithmto deterministicallycycleamongalreadyvisitedsolutions.The
Tabu list storesthe last acceptedmoves; until a move is storedin the
Tabu list, it cannotbeusedto generatea new move. Thechoiceof the
Tabu list sizeis very importantin theoptimizationprocedure:toosmall
asizecouldcausethecyclic repetitionof thesamesolutions,while too
large a size canseverely limit the numberof applicablemoves, thus
preventinga goodexplorationof thesolutionspace.
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B. Fundamentalaspectsof TabuSLTDP

Four fundamentalaspectsthatmustbedefinedin TS concern:p thechoiceof aninitial solutionp thedefinitionof the topologyperturbationthatgeneratestheneigh-
borhoodp theevaluationof thevisitedsolutionsp thestopcriterion

As initial solution we selectthe result of the ��±¦� heuristic,pro-
posedin [13]. This heuristicinitially considersa fully-connectedlog-
ical topology, anditeratively removesthe least-loadedlightpathsfrom
thelogical topology, until thedegreeconstraintsaresatisfied.

Theperturbationis definedaccordingto thefollowing algorithm:p within the current solution, ¢d� � nodes, ² � �3² � ��³�³�³3² �3´eµ , are se-
lected,suchthatlightpaths² ��� n �·¶ ² ��� �i"��A-?�I¢}��³�³�³��I� � exist;p in theperturbedsolution,lightpaths²¸��� n � ¶ ²���� arereplacedwith
lightpaths²¸��� l � ¶ ²¸���3�i"i��-d�|¢e�W³�³�³���� �J¹ - , and ²=� ¶ ²¸´ µ .

This is equivalent to identifying a cycle of ¢d� � lightpaths, � � of
which arepresentin the topology, while the other � � aremissing;in
theidentifiedcycle,apresentlightpathif followedby amissingone,as
shown in Figure1. To obtaintheneighbortopology, we have to follow
the lightpathsin the reversedirection,andremove the existing light-
pathswhile addingthenew ones.If � � �A¢ , theresultingperturbation
is equivalentto a well known ”branchexchange“operation.

Thisperturbationguaranteesthatdegreeconstraintsarenotviolated,
thus generatinga valid move. Note that with this perturbationit is
very easyandfastto implementa diversificationand/orintensification
criterion; we cancarefullyexplorea region of thesolutionspacewith
small cycles, andmove to anotherregion of the solution spacewith
largecycles.

The evaluationof solutionsis performedby routing the traffic on
the topology for all the single link failure states+ � , and computing!
� 0���W� or !
� 0���m�W� . Tiesarebrokenconsideringthevaluesof

� 0���W�
or
� 0���m�W�

, respectively. When the optimization is performedusing
( !
� 0���W� , � 0���W� ) as performanceindices, we say that the objective
function º ���W� is applied;instead,whentheoptimizationis performed
using( !
� 0���m�W� ,

� 0���m�W�
) asperformanceindices,we saythat º ���m�W�

is applied.
Finally, theTabu Searchprocessis stoppedafter a fixednumberof

iterations.

V. COMPLEXITY

Wenow discussthecomplexity of theproposedheuristics.Let º be
thenumberof multicastflows thatmustbetransportedin thenetwork.
Let »��¼!�� �½� �¾z{"�#`� denotethe samein/out degreefor each
nodein the logical topology. For eachlogical topologyanalyzed,we
routei) its lightpathsover thephysicaltopologywith theHDAP algo-
rithm, andii) theunicastandmulticasttraffic over thelogical topology.

TheHDAP algorithmhascomplexity ¥[�¬�%»¿��� � »§�/�^K�À���»§�Y�3�3� ,
sinceatmost ¥[�¬�%»*� iterationsareexecuted,while ateachiterationat
most ¥[��� � »§�/�^K�À���»§�Y�3� operationsare required; ¥[���B� opera-
tions,indeed,arenecessaryto updatethecostof thelinks of thephys-
ical topologyand ¥[�¬�/�^K�À���»§�Y�3� operationsarenecessaryto run the
Dijkstra algorithm. Since � x � � , the HDAP complexity is upper
boundedby ¥[�¬�/Á�»*� .

To evaluatesolutions,it is necessaryto route the unicastandmul-
ticasttraffic. Theunicastroutingalgorithmrequires¥[�¬� � �^K�À��¬�%»*�3�
operations(Dijkstra algorithm). For themulticasttraffic routing,once
shortestpathsareknown, thecomputationof eachSteinerTreeaccord-
ing to algorithm + � !
º requires¥[�¬� � °G� operations,where ° is an
internalparameterof the + � !
º algorithmthat we set to 5. In con-
clusion,the computationof theunicastandmulticastrouting requires¥[�¬� � �¬�^K�À��¬�%»*� � º¦°«�3� operations.

The �Â±¦� heuristicto evaluatethe initial solutionhascomplexity¥[�¬� Á �¬�^K�À���»§�Y� � º¦°G� � �/Ã]� , sinceat most ¥[�¬�Y� iterationsare

neededto completethealgorithm,andat eachiterationit is necessary
to route traffic and executea �B&A� (Maximum Weight Matching)
algorithm.

Let us now focus on the complexity of the TS algorithm. At
eachiteration, the evaluationof all solutionsin the neighborhoodis
necessary;this requires ¥[��» � � � �¬��Á�» � � � �¬�^K�À��¬�%»*� � º¦°«� ��.� � �¬�^K�À��¬�%»*� � º¦°«�3�3� operations,since ¥[��» � � � � neighborsare
evaluated(assumingto generateperturbationsusing cycles of length
4), and the evaluationof eachsolution requiresthe executionof the
HDAP algorithmandtheexecutionof theroutingalgorithmsfor each
failure state(i.e., � � - times). If the numberof iterationsis ¨ , the
resultingcomplexity is ¥[�¬¨e» � � � �¬�/Á�» � � � �¬�wK]À��¬�%»[� � º¦°G� ��.� � �¬�^K�À��¬�%»*� � º¦°«�3�3� . Thus,thecomputationalcomplexity of TS
is upper-boundedby ¥[�¬¨e» � �/Ä<�¬�^K�À���»§�Y� � º¦°«�3� .

VI . NUMERICAL RESULTS

In this sectionwe presentnumericalresultsobtainedwith the pro-
posedapproach(calledjoint optimization),andcomparethemagainst
thoseobtainedby performinga conventionaloptimizationof the logi-
cal topology, andthenmappingthelightpathson thephysicaltopology
with the HDAP algorithm (this approachis called disjoint optimiza-
tion). All thereportedresultsreferto theARPANET physicaltopology
plotted in Figure2, whereweightsassociatedwith arcsrepresentthe
lengthsof links.

We considertraffic patternscomprising º¾�ÆÅ multicastconnec-
tions, for eachof which, both thesourceandthedestinationsareran-
domly selectedamongall nodesin thenetwork. Theaveragenumber
of destinationsof eachmulticastconnectionis fixedto Ç . Each(unicast
or multicast)traffic flow requiresabandwidthwhosevalueis randomly
extractedfrom anexponentialdistributionwith meanÈ/��- .

TheTabu parametersusedin ourexperiments,afteraninitial calibra-
tion weresetasfollows:pBÉGÊ<Ë�Ì<Í_Î5Ï|Ð : a Tabu list of fixedsizeequalto 12 is used;p.Ñ_Ò?Ó�Ô�ÕIÏ�Ï�Î�Ö�Õ : during theexplorationof thesolutionspace,cyclesof
length4 areused.In somecases,however, differentperturbationrules
are usedto implementthe × Î5ØdÕIÙ|Ï�Î ÚÛÓ�Ê?Ð5Î¬Ü]ÝAÓ�Ù|Î7Ð�ÕIÙ|Î¬ÜdÝ . In particular,
to easetheexit from local minima regions,after -WU iterationswithout
improvementa cycleof size Þ is used;pDßGÐ¬ÜIà©Ñ_Ù|Î7Ð�ÕIÙ|Î¬ÜdÝ : theprocedureis stoppedafterafixednumberof it-
erations.Thenumberof iterationsis setto Þ?U , sincethisvalueseemsto
provide agoodtrade-off betweentheconflictingrequirementsof limit-
ing theCPUtime andobtaininggoodresults.

In TablesI, II andIII wereportresultsobtainedwith thedisjointand
thejoint optimizationtechniques,for differentnetwork configurations.
All thereportedvalueswereobtainedby averagingtheperformancein-
dicesof theoptimizationprocedureoutcomesover 10 traffic instances.

We consideredtwo differentdisjoint optimizationprocesses.In the
first, the logical topologyis obtainedby applyingthegreedyheuristic
(R&R), while in theseconda TS metaheuristicis applied.Five impor-
tant network performanceindexesarereportedfor the obtainedsolu-
tions: thecongestionlevel in thenofailurestate(

� ��+ 
 � ), themeanand
peakvaluesof thelost traffic ( ! � ���á�W� and !
� ���W� ) andthemeanand
peakvaluesof thecongestionlevel (

� ���á�W�
and

� ���W�
). All the val-

uesareexpressedaspercentageof the total offeredtraffic. We report
resultsfor differentvaluesof the nodalconnectivity degree( » ), and
maximumnumberof wavelengthson a fiber ( â ).

In TablesI, II and III, respectively, we report resultsfor threedif-
ferentvaluesof connectivity degree,when âã�åä . Note that,sinceâæ�çä , all lightpathsaremappedover the physicaltopology. The
failure probability of eachphysical link is proportional to the link
length. Moreover, the failure probability of the longestphysicallink
in thetopologyhasbeensetto 0.01.

It canbeobservedthatthejoint optimizationapproachin thesecases
outperformsdisjointoptimizationspeciallyfor whatconcernsthemax-
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imum congestionlevel and maximumlost traffic in the network. In
TableI we seethat with disjoint optimizationthe maximumlost traf-
fic is aboutthe -WU?í of theofferedtraffic while with both º ���m�W� andº ���W� this valueis zero. Increasingthe connectivity degree,this dif-
ferencedecreases,sincethe logical topologyobtainedwith thedijoint
optimizationnaturallyexhibits animproved robustnessto failures,be-
ing strongerconnected.Note,finally, thattheaverageperformancefor
all systemsis closeto theperformancein state+ 
 , sincetheprobability
of beingin state+ 
 approaches1.

The differencebetweenthe two optimizationproceduresincreases
whenonly a small numberof wavelengthsis availableon eachfiber
in the physicaltopology. Whenthe numberof wavelengthsper fiber
is small,somelightpathsmaynot bemappedover thephysicaltopol-
ogy, thus causinga further degradationof the network performance.
As a consequence,a procedurethatdoesnot considertheeffect of the
mappingduringthelogical topologyoptimizationleadsto poorperfor-
mance.

Theseeffectscanbeeasilyobserved in TablesIV, V andVI, whereâ is equal to the minimum numberof wavelegths for which it ex-
istsa logical topologywith theassigneddegreethatcanbecompletely
mappedontothephysicaltopology. Thegainachievedwith joint opti-
mizationis now very large, in termsof both lost traffic andmaximum
congestionlevel. Moreover, the gain now doesnot vanishwhen the
connectivity degreeincreases.

VI I . CONCLUSIONS

In thispaperweproposedanew methodologyfor thedesignof fault-
tolerantlogical topologiesin wavelength-routedWDM networks sup-
portingunicastandmulticastIP datagramflows.

Our approachto protectionandrestoration,generalizestheconcepts
first proposedin [8], [9], [10], andrelieson theexploitationof the in-
trinsicdynamiccapabilitiesof IP routing,thusleadingto cost-effective
fault-tolerantlogical topologies.

Our approachdiffers from thoseproposedin [8], [9], [10], sinceit
considersthe resiliencepropertiesof the topology during the logical

topologyoptimizationprocess,thusextendingtheoptimizationof the
network resilienceperformancealsoon thespaceof thelogical topolo-
gies.

Numerical resultsclearly show that our approachlargely outper-
formsthepreviousones,andis ableto obtainverygoodlogical topolo-
gieswith fault-tolerancepropertiesata limited cost.
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Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷VøÂùáú|û ÷VøÂú|üè·é ö � ì [%] 6.14 3.79 4.09 4.84õ�ý�øÂùmú�û
[%] 0.12 0.18 0.00 0.00õiý ø úIü
[%] 7.93 10.74 0.00 0.00è øÂùmú�û [%] 6.66 4.34 4.56 4.98è ø úIü [%] 19.83 20.14 14.21 10.43

TABLE I

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ ÿ � , AND
� ÿ�� .

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷VøÂùáú|û ÷VøÂú|üè·é ö � ì [%] 3.02 1.97 2.12 2.23õ�ý�øÂùmú�û
[%] 0.04 0.03 0.00 0.00õiý ø úIü
[%] 6.06 5.28 0.00 0.00è øÂùmú�û [%] 3.18 2.15 2.21 3.13è ø úIü [%] 8.42 5.90 5.98 4.53

TABLE II

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ ÿ � , AND
� ÿ�� .

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷VøÂùáú|û ÷VøÂú|üè·é ö � ì [%] 2.21 1.46 1.61 1.73õ�ý�øÂùmú�û
[%] 0.09 0.02 0.00 0.00õiý�ø úIü
[%] 7.68 2.68 0.00 0.00è øÂùmú�û [%] 2.29 1.61 2.07 2.82è ø úIü [%] 4.94 6.64 4.92 3.25

TABLE III

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ ÿ�� , AND
� ÿ�� .

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷VøÂùáú|û ÷VøÂú|üè·é ö � ì [%] 6.37 4.53 4.88 5.31õ�ý�øÂùmú�û
[%] 25.94 22.73 0.00 0.00õiý�ø úIü
[%] 34.97 33.54 0.00 0.00è øÂùmú�û [%] 7.31 5.64 5.26 5.67è ø úIü [%] 11.61 10.21 8.43 6.33

TABLE IV

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ©ÿ � , AND
� ÿ�� .

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷VøÂùáú|û ÷VøÂú|üè·é ö � ì [%] 6.38 4.18 3.79 4.05õ�ý�øÂùmú�û
[%] 19.94 19.67 0.00 0.00õiý�ø úIü
[%] 33.28 28.34 0.00 0.00è øÂùmú�û [%] 5.73 4.61 4.01 4.59è ø úIü [%] 9.62 8.43 7.31 5.52

TABLE V

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ©ÿ � , AND
� ÿ ë .

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)îiï$î[ðyñ ò
ó_ô õiö ð¿ñ òJó_ô ÷ øÂùáú|û ÷ øÂú|üè·é ö � ì [%] 4.88 3.94 2.91 3.12õ�ý�øÂùmú�û
[%] 19.32 10.93 0.00 0.00õiý�ø úIü
[%] 32.03 25.48 0.00 0.00è øÂùmú�û [%] 5.32 4.46 3.11 3.98è ø úIü [%] 8.89 8.14 5.95 4.21

TABLE VI

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MP WITH þ©ÿ�� , AND
� ÿ�	 .


