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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”
conceptsand relieson the dynamic capabilities of IP routing to re-route IP datagrams
when faults occur, thus leading to high-performance cost-effectve fault-tolerant logi-
cal topologies.

Our approach to protection and restoration for the first time considersthe 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

. INTRODUCTION

For the short-termimplementatiorof a high-capacitylP infrastruc-
ture,network designerareconsideringhe useof opticalnetworks ex-
ploiting WavelengthDivision Multiplexing (WDM) and Wavelength
Routing (WR). Indeed,such networks permit the exploitation of the
hugefiber capacity with no needfor complex processindunctionali-
tiesin the opticaldomain.

In WR IP networks, nodescompriseanoptical section,andanelec-
tronic section;theformeris anoptical cross-conneOXC), while the
latteris ahigh-capacityP router Nodesareconnectedby opticalfibers
over which a WDM schemsds implemented.At eachnode,incoming
WDM channelganeitherbetransparentlgonnectedo outgoingchan-
nelsthroughthe OXC, possiblyafter wavelengthconvertion (but with
no processingf in-transitinformation),or corvertedto the electronic
domain,sothat pacletscanbe passedo the IP router processedand
possiblyretransmittedafter|P routing.

This setupallows the definion within the optical domainof semi-
permanenbptical pipescalled“lightpaths” that may extend over sev-
eralphysicallinks. Thus,lightpathscanbe seenaschainsof physical
channelsthroughwhich paclets are moved from a routerto another
toward their destinations. OXCs transparentlyconnectthe incoming
WDM cannelsorrespondingo in-transitlightpaths andconvertto the
electronicdomaintheincomingWDM channelscorrespondingo ter-
minatinglightpaths.

Thesetof lightpathsandroutersdefinesalogicaltopology overlayed
to the physicaltopologymadeof opticalfibersandOXCs.

In orderto bestexploit the capacityof aWDM infrastructurea cru-
cial taskthusis the identificationof the bestfeasiblelogical topology
for thetransporof a giventraffic pattern.

In recentyears, the Logical Topology Design (LTD) problemin
WDM networks wasextensiely studied,consideringa numberof dif-
ferentsetupslt wasshavn thattheidentificationof the optimallogical
topologyis computationallyintractablefor large sizenetworks[1], [2],
andseveralheuristicapproachewereproposedor theidentificationof
suboptimalsolutionsin several differentconditions[3], [4], [5].

The searchfor goodsolutionsof the LTD problemcanconsiderdif-
ferentobjectives;in this paperwe concentrat®n animportantcharac-
teristicsof thelogicaltopologythatis produceddy the LTD algorithm:
its resistanceo physicalfaults. Notethat, sinceseverallightpathsmay
traversethe samefiber on differentwavelengths the fault of a single
physicallink may causethe disruptionof a numberof lightpaths.

Mary physicallevel protectionand/orrestoratiorschemesverepro-
posedfor WR networks (see[6], [7] for a suney). Suchschemesl-
waysrely on the presenceof spareresourcesn the network, thatare
usedto restoredisruptedlightpaths. In general,two disjoint physical
pathsp;, andp, areassociateavith eachexisting lightpathi. In normal
conditions,only pathp; is usedto supportightpath’; however, enough
capacityis resered on p, to be ableto re-routelightpath! whenone
of the physicallinks belongingto p: fails. Protectionand/orrestora-
tion schemesiormallyguarante¢heresilienceto thefailure of asingle
physicallink; thus,the capacityto beresenedin the network mustbe
sufficient to successfullyre-routeall the lightpathsdisruptedby a link
failure.

The main adwantage of physical protection and/or restoration
schemesis that they entail no complex managemenprocedure and
thusguarantedastrestorationgo link failures.Theirmaindravbackis
thata large amountof network resourcesin termsof both processing
and bandwidthis devotedto restoration. As a consequencegyhysical
protectionand/orrestoratiorschemesin mary situations arenot cost-
effective.

In [8], [9], [10], a differentfault-tolerancanethodologycalled de-
sign protectionwaspresentedn this case restorationis obtainedby
exploiting thedynamiccapabilitiesof IP routing. Whena physicallink
failsin theopticalnetwork, thelP routingalgorithmis ableto updateits
tables andrestoredisruptedpaths|f thesetof non-disruptedightpaths
still forms a connectedopology In orderto achieze a gooddegreeof
fault resilience,it is fundamentato map(i.e., to route)the lightpaths
ontothephysicaltopologyin suchawaythat,givenary singlephysical
link failure,the setof non-disruptedightpathsstill formsa connected
network. Thus,an optimizationof the physicalmappingof lightpaths
is necessary@], [10].

In thispapemwe generalizehedesignprotectionapproachproviding
a powerful framework for the designof logical topologieswith a good
degreeof faultresilience.Our approachiffersfrom theapproactpro-
posedn [8], [9], [10], sinceit considergheresiliencepropertieof the
topologydirectly duringthe LTD optimizationprocessthusextending
the optimizationof the network resiliencepropertiesalsoto the space
of thelogical topologies.In addition,we furtherextendthe designpro-
tectionapproachalsoconsideringnulticasttraffic.

Note that, accordingto the designprotectionapproachyestoration
requiresthe executionof signallingand managemenproceduresand
thusentailssignificantrestoratiortimes; howvever, designprotectionis
muchmaorecost-efective with respecto physicalprotectionschemes.
Thus, designprotectionshouldnot be consideredas an alternatve to
physicalprotection but asacomplementaryechniquehatmaybesuc-
cessfullyemployedin orderto reducethe level of physicalprotection



GLOBECOM2001—-A. NUCCIET AL, “DESIGN OF FAULT-TOLERANT LOGICAL TOPOLOGIES...”

requiredto achieve a desiredevel of fault-tolerance.

Il. PROBLEM STATEMENT

The SurvivableLogical TopologyDesignProblem(SLTDP) undera
givenunicastandmulticasttraffic patterncanbe statedasfollows:
GIVEN:
i) anexisting physicaltopology (which mustbe at leastbiconnected),
comprisingnodesequippedwith a limited integer numberof tunable
transmittersand recevers, connectedby optical fibers that supporta
limited numberof wavelengths;

i) adescriptionof the averagetraffic exchangedy sourcesandsetsof
destinations;

iii) amulti-hoproutingstratey, definedbothfor unicastandmulticast
flows;

iiii) afailurescenario;

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

The objective functionmustbe carefully selectedin orderto obtain
the besttrade-of betweemetwork performancen normalcondititions
andresilienceproperties. Sincethe network performancedependon
thenetwork failure state the objective functionsmustcombinethenet-
work performancdevels underdifferentnetwork failure states.There-
fore, it is necessaryo introducethe conceptof “f ailure stateprobabil-
ity”, which representshe probability for the network to bein a given
failure state,aswill bebetterexplainedin the next sub-sectionsyhere
we reporta formulationof the SLTDP.

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

A. ProblemFormulation:
A.1 Notation

We adoptthe notationaltypology for multi-layerednetworks pre-
sentedn [12]. Thesupra-indg indicateshelayer, startingby the low-
estlayer, zero,thatrepresentshe physicalnetwork. Let G° = (V, E°)
be the unidirectionalgraphrepresentinghe physicaltopology It is
composedy OXC nodesV interconnectedby optical fibers E°. Let
|[V| = N bethe cardinalityof setV and|E°| = M thatof the set
E°. Let R; andT; bethenumberof receversandtransmittersatphys-
ical node: € V, W, bethe maximumnumberof wavelengthsallowed
within opticalfiberv € E°. Let S, bethenetwork statewhereSy rep-
resentgheno-failure state while S, for v > 1 is the statein whichthe
opticalfiberv € E° is broken. Let G} (So) = (V, E} (So)) bethedi-
rectedgraphrepresentinghel*” logicaltopologyin thenofailurestate.
It is composedy IP routersV interconnectedby lightpathsE} (So).
Let G bethesetof all possibldogicaltopologiesin thenofailurestate,
while £ = |, B/ (So) bethe setof all possibledightpathsthat can
take placein ary logicaltopology Let G} (S,) = (V, E}(S,)) denote
thel*" logicaltopologyin the network stateS,,, obtainedrom G} (So)
by droppingall the lightpathsu € EJ}'(So) crossingover the optical
fiberv € E°. Let A = (\°?) indicatethe averagetraffic matrix where
eachentry \°P representshe averagetraffic flow betweerthe source
nodeo andthedestinatiorsetD. Notethatthe unicasttraffic is a par
ticular caseof the multicasttraffic in which |D| = 1. Let 7?P(S,)
be the routing tree for the traffic relation betweeno and D over the
I** logical topologyin the network stateS,,, determinedby the global
routing algorithmfor unicastor multicast. The routing tree 77 (S, )
is composedf a subsebf lightpathsof setE; (S,). If 772(S,) = 0
no routing for the connectiorbetweero and D is possiblefor the I**
logical topologyin thestateS, . Let o7 (S,) € {0, 1} beanauxiliary

variablethatis equalto 1 if u € 777 (S,) and0 otherwise Finally we
usethe variablet?” (S,) € {0, 1} to determinewhetherthe connec-
tion oD is lostin network stateS, for thel** logicaltopology;in fact
t7P(S,) is equalto 1if 7P (S,) = B andO otherwise.

A.2 DecisionVariables

Two typesof binary variablesare introducedinto the formulation:
X! andY;, thatcorrespondrespectiely to logical topologyandmap-
ping variables. Logical topologyvariablesX! € {0, 1} describethe
lightpathsusedin thel*" logical topology Gy (So):

Xl:{

Then we can state that the used logical topology G} (So) =
(V,E}(So)) hasE} (So) = {u: X, =1, we&}.

MappingvariablesY,, € {0, 1} describethe routing for the light-
pathsof thelogical topology G (So) over the physicaltopologyG®:

Yévz{

A.3 Mathematicaimodel

Let 't (4) be the setof lightpathsoutgoingfrom nodei € V and
I'~ (i) bethe setof lightpathsingoingto node: € V. We canthen
write:

1, if auxiliary lightpathu € £ is
usedin logical topologyG7 (So)
0, otherwise

1, if lightpathu € E} (So) crosses
overtheopticalfiberv € E°
0, otherwise

A.4 Constraints
« Connectyity:

Z Xl<T; Vievieg 1
wel+ (i)
Z X, <R, VjeVileg @)
wel=(j)
« Mapping:
Y., <X.  VYueE(S),veE’leg 3
where:

(1) indicatesthatthe numberof lightpathsoutgoingfrom eachnodeof
the network hasto be smallerthanthe numberof transmittersin the
node,for eachlogical topologyin theno failure state(G7 (So));

(2) indicatesthatthe numberof lightpathsingoingto eachnodeof the
network hasto be smallerthanthe numberof receversin thenode,for
eachlogical topologyin the nofailure state(G} (So));

(3) ensureghata lightpathcanbe mappedonly if it existsin the con-
sideredogical topology

To extend the formulation to the casein which a limited number
of wavelengthsis available, it is necessaryo introducean additional
constraint. Let W, be the numberof wavelengthssupportedon each
fiber. The setof lightpathsv € E}(So) mustsatisfy the following
constraint:

« Mapping
Yy, <W, Ww€E’Ileg )

>

uGEll (So)

where:
(4) indicatesthatthe numberof lightpathsthat crossover eachoptical
fiber hasto be smallerthanthe maximumwavelengthcapability The
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setof lightpathsthatdoesnotsatisfy(4) is thesetof lightpathsthathave
not successfullymappedon the physicaltopology Note that, in this
case G} (So) comprisesonly the lightpathsthathasbeensuccessfully
mappedon the physicaltopology

A.5 Objective functions

As objective functionswe selectedour possibleexpressions:

TLiar = mngt?D(Sk)A"D (5)
Cltas = (Sx)A°P 6
i maxuergf(aa;k)z £t (S) (6)
TLlZVIean = Z P, (Sk Zt (S )\OD
SO)Zt So)A°P @
Cl ean @ — P.(S SD S )\0D+
M Z ( k)uerg?ék) far (Sk)

max

(S So)A°P
(So) EEI(S)Z foP(

®)

where:

« P,(Sy): representshe “state probability”, i.e., the probability that
thesystemis in the stateSy;

« (5) and(6): representespectiely the maximumamountof traffic
that cannotbe routed(lost traffic) andthe maximumcongestionevel
over all the network statesSy, for the I** logical topology Note that
traffic A\°P is consideredost only whenthe setof working lightpaths
doesnot provide a pathfrom o to all the destinationsn D, (i.e.,we do
not considelossesdueto lightpathscongestion).

« (7)and(8): representespectiely themeanlosttraffic andthemean
congestiorievel overall thenetwork failure statesSy, for thelt” logical
topology

Notethat,in generaltheevaluationof eachobjective functionwould
requirethe computatiorof somenetwork performancendex underall
the2™ possiblefailure stateshawever, sincewe aremainly interested
in singlefailure resiliencepropertieswe restrictthe evaluationof the
above objective functionsto the statesS; associatedvith the normal
operationatonditionsandwith singlelink failure states.

Notethat,if theinequalitieg3) and(4) arerelaxed,and P, (So) = 1,
i.e.,if we assumehattherewill never be afailure,the SLTD problem
reducedo thetraditionalLTD problem.

Unfortunately the SLTDP is NP-hard,sinceit is a generalization
of the traditional LTD problemthatwas proved NP-hard,thusin the
next sectionwe present heuristicmethodologyfor the solutionof the
SLTDP, basecbntheapplicationof Taku-Search.

I11. MAPPING BETWEEN PHYSICAL AND LOGICAL TOPOLOGY:

HDAP

The definition of algorithmsthat optimally map the lightpathson
the physicaltopologyis animportantsub-problenof the SLTDP. This
problemis relatedto inequalities(3) and(4) in Sectionll. The map-
ping problemis solved by an algorithmthat, given a logical topology
findsaroutingfor eachlightpathof thelogical topologyontothe phys-
ical topology suchthat a single optical link failure leavesthe virtual
network connected.

In [8] this problemwasfound NP-complete and Tatu searchwas
proposedo find a sub-optimalsolution. However, sincethe mapping
problemis only a partof SLTDP, the utilization of Taku searcho solve

the mappingproblemcould have a disruptive impacton the CPUtime
necessaryor the solutionof SLTDP.

Thus, for the solution of the mappingproblemin this sectionwe
presenasimplegreedyalgorithm,theHeuristicDisjoint AlternatePath
(HDAP), whosecomputationatompleity is small. A brief description
of the HDAP algorithmfollows.

HDAP algorithm

Let OR(z) and I R(%) be the setsof alreadyroutedlightpaths,re-
spectvely outgoingandingoingfrom andto nodes, andlet ON () and
N () bethesetsof outgoingandingoinglightpathsnotyetrouted.Let
Vi; bethelightpathbelongingto thelogical topology with endpoints;
andj. Let O denotea setof nodes.Initialize O to the setof all nodes
in the network:

StepO: route all lightpathsV;; whoseendpointsare adjacentin the
logical topology InsertV;; in (OR(i), [R(j)) andextract V;; from
(ON (i), IN(j));

Stepl: if © = () STOPR otherwiseselect; € O andextracti from O;
Step2: if ON(i) = @ GOTO Step3,otherwiseselecteachV;;, €
ON (%) andtry to find aroutefor V;; whichis physicallydisjoint from
the routeson whichthe V;; € OR(i) andthe V;, € IR(k) have al-
readybeenrouted. If a physicallydisjoint routefor V;; hasnot been
found, Vi, is routedon the shortestpath. If alsothe shortestpathis
not available,dueto the lack of free wavelengthsJightpathV;; is not
mapped.

Step3: if IN(i) = @ GOTO Stepl,selecteachVy; € IN(i) and
try to find aroutefor V; which is physicallydisjoint from the routes
onwhichtheV;; € IR(i) andtheV;; € OR(k) have alreadybeen
routed. If a physicallydisjoint routefor V%; hasnot beenfound, Vj;
is routedon the shortesipath. If alsothe shortesipathis not available,
dueto thelack of freewavelengthslightpathV;; is not mapped.

IV. TABU SEARCH FOR THE SLTDP: TABUSLTDP
A. Geneel descriptionof Tabu Seach metaheuristic

The heuristicwe proposeto usein the solutionof SLTDP relieson
the applicationof the Talu Search(7'S) methodology The T'S algo-
rithm canbe seenasan evolution of the classicallocal optimumsolu-
tion searchalgorithmcalledSteepesbDescen{SD); however, thanksto
the TS mechanisnthatallows worseningsolutionsto be alsoaccepted
contraryto SD, TS is not subjectto local minimaentrapmentsTS is
basedon a partial exploration of the spaceof admissiblesolutions,fi-
nalizedto thediscovery of agoodsolution. The explorationstartsfrom
aninitial solutionthatis generallyobtainedwith a greedyalgorithm,
and when a stop criterion is satisfied,the algorithm returnsthe best
visitedsolution.For eachadmissiblesolution,a classof neighborsolu-
tionsis defined.A neighborsolutionis definedasa solutionthatcanbe
obtainedfrom the currentsolutionby applyinganappropriatéransfor
mation,andis alsocalleda move Thesetof all the admissiblemoves
uniquelydefinesthe neighborhoodf eachsolution.

At eachiterationof the TS algorithm,all solutionsin the neighbor
hoodof thecurrentoneareevaluated andthebestis selectechsthenew
currentsolution. Note that, in orderto efficiently explore the solution
spacethe definition of neighborhoodnay changeduring the solution
spaceexploration;in thisway it is possibleto achiese anintensification
or adiversificationof the searchin differentsolutionregions.

A specialrule, the Tabu list, is introducedin orderto preventtheal-
gorithmto deterministicallycycle amongalreadyvisitedsolutions.The
Tahu list storesthe last acceptednaoves; until a move is storedin the
Tahu list, it cannotbe usedto generatea new move. The choiceof the
Tahu list sizeis veryimportantin theoptimizationproceduretoosmall
asizecouldcausehecyclic repetitionof the samesolutionswhile too
large a size canseverely limit the numberof applicablemoves, thus
preventinga goodexplorationof the solutionspace.
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B. Fundamentahspectof TabuSLTDP

Four fundamentabspectshatmustbedefinedin TS concern:
« thechoiceof aninitial solution
« thedefinition of the topology perturbatiorthat generateshe neigh-
borhood
« theevaluationof thevisitedsolutions
« thestopcriterion

As initial solutionwe selectthe resultof the R& R heuristic, pro-
posedin [13]. This heuristicinitially considersa fully-connectedog-
ical topology anditeratively remavesthe least-loadedightpathsfrom
thelogical topology until the degreeconstraintsaresatisfied.

The perturbatioris definedaccordingo thefollowing algorithm:

« within the currentsolution, 2L" nodes,ni,n2,...narr, are se-
lected,suchthatlightpathsng;—1 — n2;, 1 = 1,2, ..., L" exist;
« in theperturbedsolution,lightpathsns;—1 — n9; arereplacedwith
lightpathsna;+1 — n2s, 1 =1,2,...,L" —1,andny — ng-.

This is equialentto identifying a cycle of 2L" lightpaths, L" of
which are presentin the topology while the other L™ are missing;in
theidentifiedcycle, a presentightpathif followedby amissingone,as
shavn in Figurel1. To obtainthe neighbortopology we have to follow
the lightpathsin the reversedirection, and remove the existing light-
pathswhile addingthenew ones.If L™ = 2, theresultingperturbation
is equivalentto awell knowvn "branchexchange“operation.

This perturbatiorguaranteethatdegreeconstraintarenotviolated,
thus generatinga valid move. Note that with this perturbationit is
very easyandfastto implementa diversificationand/orintensification
criterion; we cancarefully explore a region of the solutionspacewith
small cycles, and move to anotherregion of the solution spacewith
largecycles.

The evaluationof solutionsis performedby routing the traffic on
the topology for all the single link failure statesSx, and computing
T LYt Of TLY .., Tiesarebroken consideringhevaluesof Cly,,,
or Cts.un» rESpectiely. When the optimizationis performedusing
(TLY02.Chras) @s performanceindices, we say that the objective
function F 44 is applied;instead whenthe optimizationis performed
using (T Ly oun+Clsean) asperformanceandices,we saythat Fasean
is applied.

Finally, the Talu Searchprocesss stoppedafter a fixed numberof
iterations.

V. COMPLEXITY

We now discusghe compleity of theproposecheuristics.Let F' be
the numberof multicastflows thatmustbe transportedn the network.
Let A = T; = R; Vi € V denotethe samein/out degreefor each
nodein the logical topology For eachlogical topology analyzedwe
routei) its lightpathsover the physicaltopologywith the HDAP algo-
rithm, andii) theunicastandmulticasttraffic overthelogicaltopology

TheHDAP algorithmhascompleity O(NA(M + ANlog(AN))),
sinceatmostO(INA) iterationsareexecutedwhile at eachiterationat
mostO(M + ANlog(AN)) operationsare required; O(M) opera-
tions,indeed,arenecessaryo updatethe costof thelinks of the phys-
ical topologyandO(Nlog(AN)) operationsarenecessaryo run the
Dijkstra algorithm. Since M < N2, the HDAP compleity is upper
boundedy O(N3A).

To evaluatesolutions,it is hecessaryo route the unicastand mul-
ticasttraffic. The unicastrouting algorithmrequiresO(N2log(NA))
operationgDijkstra algorithm). For the multicasttraffic routing, once
shortespathsareknown, thecomputatiorof eachSteinerTreeaccord-
ing to algorithm SCTF requiresO(N?k) operationswherek is an
internal parameteof the SCT F algorithmthatwe setto 5. In con-
clusion, the computationof the unicastand multicastrouting requires
O(N?(log(NA) + Fk)) operations.

The R&R heuristicto evaluatethe initial solution hascompleity
O(N3(log(AN) + Fk) + N*), sinceat mostO(N) iterationsare

neededo completethe algorithm,andat eachiterationit is necessary
to routetraffic and executea MW M (Maximum Weight Matching)
algorithm.

Let us now focus on the complity of the TS algorithm. At
eachiteration, the evaluation of all solutionsin the neighborhoods
necessarythis requiresO(A*N?(N3A + N%*(log(NA) + Fk) +
MN?(log(NA) + Fk))) operationssinceO(A%N?) neighborsare
evaluated(assumingto generateperturbationausing cycles of length
4), and the evaluationof eachsolution requiresthe executionof the
HDAP algorithmandthe executionof the routing algorithmsfor each
failure state(i.e., M + 1 times). If the numberof iterationsis I, the
resultingcompleity is O(TA2N?(N3A + N?(log(NA) + Fk) +
MN?*(log(NA) + Fk))). Thus,the computationatompleity of TS
is upperboundedby O(IA2N®(log(AN) + Fk)).

V1. NUMERICAL RESULTS

In this sectionwe presentumericalresultsobtainedwith the pro-
posedapproach(calledjoint optimization),and comparehemagainst
thoseobtainedby performinga corventionaloptimizationof the logi-
caltopology andthenmappingthelightpathson the physicaltopology
with the HDAP algorithm (this approachis called disjoint optimiza-
tion). All thereportedresultsreferto the ARPANET physicaltopology
plottedin Figure 2, whereweightsassociatedvith arcsrepresenthe
lengthsof links.

We considertraffic patternscomprisingF’ = 3 multicastconnec-
tions, for eachof which, both the sourceandthe destinationsareran-
domly selectedcamongall nodesin the network. The averagenumber
of destination®f eachmulticastconnectioris fixedto 7. Each(unicast
or multicast)traffic flow requiresabandwidthwhosevalueis randomly
extractedfrom anexponentialdistribution with meanu = 1.

TheTalu parametersisedin our experimentsafteraninitial calibra-
tion weresetasfollows:

o TabuList: aTaku list of fixedsizeequalto 12 is used;

o Cycles size: duringthe explorationof the solutionspace cyclesof
length4 areused.In somecaseshowever, differentperturbatiorrules
are usedto implementthe diversification criterion. In particular
to easethe exit from local minimaregions, after 10 iterationswithout
improvementa cycle of size6 is used,;

o Stop Criterion: theprocedurds stoppedafterafixednumberof it-
erations.Thenumberof iterationsis setto 60, sincethis valueseemso
provide agoodtrade-of betweerthe conflictingrequirementsf limit-
ing the CPUtime andobtaininggoodresults.

In Tabledl, 1l andlll we reportresultsobtainedwith thedisjointand
thejoint optimizationtechniquesfor differentnetwork configurations.
All thereportedvalueswereobtainedby averagingthe performancen-
dicesof the optimizationprocedureoutcomesover 10traffic instances.

We consideredwo differentdisjoint optimizationprocesseslin the
first, thelogical topologyis obtainedby applyingthe greedyheuristic
(R&R), while in the seconda TS metaheuristiés applied. Five impor-
tant network performancendexes are reportedfor the obtainedsolu-
tions: thecongestiorevel in thenofailurestate(C(So)), themeanand
peakvaluesof thelosttraffic (I' Larean andT Larqe) andthemeanand
peakvaluesof the congestionevel (Careqrn aNdChrqz). All the val-
uesare expresseds percentag®f the total offeredtraffic. We report
resultsfor differentvaluesof the nodal connectiity degree(A), and
maximumnumberof wavelengthson afiber (W).

In Tablesl, Il andlll, respectiely, we reportresultsfor threedif-
ferentvaluesof connectity degree,when/ = oco. Notethat,since
W = oo, all lightpathsare mappedover the physicaltopology The
failure probability of each physicallink is proportionalto the link
length. Moreover, the failure probability of the longestphysicallink
in thetopologyhasbeensetto 0.01.

It canbeobsenredthatthejoint optimizationapproachn thesecases
outperformdisjoint optimizationspeciallyfor whatconcernghe max-
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Fig. 1. Building of thenew solutionutilizing acycle C(1, 6).

Fig. 2. PhysicalTopologyARPANET - 21 nodes26 links

imum congestiorlevel and maximum/lost traffic in the network. In
Table| we seethatwith disjoint optimizationthe maximumlost traf-
fic is aboutthe 10% of the offeredtraffic while with both Fiseqr and
Fiqz this valueis zero. Increasingthe connectity degree,this dif-
ferencedecreasessincethelogical topologyobtainedwith the dijoint
optimizationnaturallyexhibits animproved robustnesgo failures,be-
ing strongerconnectedNote, finally, thatthe averageperformancdor
all systemss closeto the performancen stateSy, sincethe probability
of beingin stateS, approache§.

The differencebetweenthe two optimizationproceduresncreases
when only a small numberof wavelengthsis available on eachfiber
in the physicaltopology Whenthe numberof wavelengthsper fiber
is small, somelightpathsmay not be mappedover the physicaltopol-
ogy, thus causinga further degradationof the network performance.
As a consequence procedurehatdoesnot considerthe effect of the
mappingduringthelogicaltopologyoptimizationleadsto poorperfor
mance.

Theseeffectscanbe easilyobseredin TableslV, V andVI, where
W is equalto the minimum numberof wavelegths for which it ex-
istsalogical topologywith the assignedlegreethatcanbe completely
mappedontothe physicaltopology The gainachiezed with joint opti-
mizationis now very large, in termsof bothlost traffic andmaximum
congestionievel. Moreover, the gain now doesnot vanishwhenthe
connectiity degreeincreases.

VII. CONCLUSIONS

In this papemwe proposedanew methodologyfor thedesignof fault-
tolerantlogical topologiesin wavelength-routedVDM networks sup-
portingunicastandmulticastlP datagranflows.

Our approacho protectionandrestorationgeneralizeshe concepts
first proposedn [8], [9], [10], andrelieson the exploitation of the in-
trinsic dynamiccapabilitiesof IP routing,thusleadingto cost-efective
fault-tolerantogical topologies.

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

topology optimizationprocessthus extendingthe optimizationof the
network resilienceperformancelsoon the spaceof thelogical topolo-
gies.

Numerical resultsclearly shav that our approachlargely outper
formsthepreviousonesandis ableto obtainvery goodlogical topolo-
gieswith fault-toleranceropertiesatalimited cost.
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Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP | TS+ HDAP | Fiyfean | Fuas

C(So) [%] 6.14 3.79 4.09 4.84
TLrean [%0] 0.12 0.18 0.00 0.00
TLpaz [%] 7.93 10.74 0.00 0.00
Chean [%] 6.66 4.34 4.56 4.98
CMaz [%)] 19.83 20.14 14.21 10.43

TABLE |

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 2, AND W = co.

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP | TS+ HDAP | Frean | Fias

C(So) [%] 3.02 1.97 2.12 2.23
TLrean [%0] 0.04 0.03 0.00 0.00
TLras [%] 6.06 5.28 0.00 0.00
CMean [%)] 3.18 2.15 2.21 3.13
CMax [%] 8.42 5.90 5.98 4.53

TABLE Il

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 3, AND W = o0.

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP | TS+ HDAP | Frean | Fias

C(So) [%] 2.21 1.46 1.61 1.73
TLrean [%0] 0.09 0.02 0.00 0.00
TLraz [%] 7.68 2.68 0.00 0.00
CMean [%)] 2.29 1.61 2.07 2.82
CMaz [%)] 4.94 6.64 4.92 3.25

TABLE IlI

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 4, AND W = co.

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP | TS+ HDAP | Frrean | Frras

C(So) [%] 6.37 4.53 4.88 5.31
TLMean [%] 25.94 22.73 0.00 0.00
TLnraz [%] 34.97 33.54 0.00 0.00
CMean [%)] 7.31 5.64 5.26 5.67
CMaaz [%] 11.61 10.21 8.43 6.33

TABLE IV

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 2, AND W = 5.

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP | TS+ HDAP | Frrean | Frras

C(So) [%] 6.38 4.18 3.79 4.05
TLMean [%] 19.94 19.67 0.00 0.00
TLnraz [%] 33.28 28.34 0.00 0.00
CMean [%] 5.73 4.61 4.01 4.59
CMaaz [%] 9.62 8.43 7.31 5.52

TABLE V

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 3, AND W = 6.

Parameters Disjoint-Opt (LTDP+HDAP) Joint-Opt (SLTDP)
R&R+ HDAP [ TS+ HDAP | Frmean | FMaz

C(So) [%] 4.88 3.94 291 3.12
TLmean [%] 19.32 10.93 0.00 0.00
TLrrax [%] 32.03 25.48 0.00 0.00
CMean [%] 5.32 4.46 3.11 3.98
CMaaz [%] 8.89 8.14 5.95 4.21

TABLE VI

COMPARISON BETWEEN THE TWO METRICS FOR SLTDP AND THE DISJOINT OPTIMIZATION OF LTDP AND MPWITH A = 4, AND W = 7.




