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Abstract

This studyfocuseon theroutingandwavelengthassignmenin wavelength-routeapticalwavelength-dvisioned
-multiplexednetworkswith circuit switchingusingwavelengthcorversion.Wavelengthcorversionhasbeenproposed
for usein suchnetworksto improve the efficiency. The crucialfactorswhich determinehe efficiency of usingwave-
lengthconversionasopposedo not usingthem,is the numberof wavelengthgequiredto satisfythe network traffic
demandandthe blocking of traffic demandsy the network. In additionto consideringwavelengthcorversion,this
study investigateghe effect of having multiple pathsbetweeneachsource-destinatiopair. We considerthe cases
whereprotectionis necessarjor eachof the primary pathsbetweerevery source-destinatiopair andhencea backup
pathalsohasto be establishedluring connectionsetup, andthe casewhenno protectionis necessaryWe studythe
effect of wavelengthcorversionwith differentprotectionschemes By simulatingandanalyzinga large numberof
randomlygeneratechetworks we reportresultsof our study of the above schemesunderboth incrementaland dy-
namictraffic conditions.The studyshawsthatutilizing wavelengthcorversionhasa considerablémpacton reducing
network blocking underbothincrementabnddynamictraffic conditions,on the otherhandwe find the differencein

wavelengthrequirement®f the variousschemegonsidereds minimal.
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|. Intr oduction

Optical networks using wavelength-diision-mutiplexing (WDM) [1] networks are consideredo be
promisingcandidategor the future wide-areabackbonenetworks. By usingthe WDM techniquesuchnet-
works make useof theenormousandwidthof anopticalfiber. WDM dividesthetremendoudandwidthof
afiberin to mary non-overlappingwavelengthgor wavelengthchannelsjvhich canoperatesimultaneously

with the fundamentatequirementhateachof thesechanneloperateat differentwavelengths.



We considera WDM network whosephysicaltopolayy consistsof (optical) wavelength-routerson-
nectedby point-to-pointfiber links in an arbitrary meshtopology as shavn in Figure 1. Betweentwo
connectedvavelength-routersthereis a pair of unidirectionalfibers(or equivalently a bidirectionallink).
Eachwavelength-routingnodetakes in a signal on a wavelengthat one of its inputs, and routesit to a
wavelengthat a particularoutput, without undegoing opto-electroniqO/E) corversion. An accesstation
(e.g.,anlP router)may be connectedo eachoptical wavelength-routerwhich cantransmit/receie signals
througheitheratunabletransmitter/rec&er or atransmitter/receer array A connectiorrequests satisfied
by establishinga lightpath from the sourcenode(accesstationor wavelength-routerpf the connectiorto
the destinationnode. A lightpathusesonewavelengthon eachlink it spansto provide a circuit-switched
interconnectiorbetweerthe sourceanddestinatiomodes.A wavelength-routedhetwork [2] which carries
datafrom oneaccessstationto anotherwithout ary intermediateO/E corversionis referredto asan all-
optical wavelength-routechetwork. As shawn in Figure 1., two lightpaths,one betweennodes3 and5,
andthe otherbetweemodes3 and 7, mustusedifferentwavelengths(A; andAy) onacommonfiber link
(3 — 4), in orderto preventinterferenceof the optical signals.

This studyis organizedasfollows: In sectionl, we introducewavelength-continuaiand wavelength-
corvertible networks, we thenintroducevarioussurvivability schemesn suchWDM networks. Next, we
introduceRWA in suchwavelength-continuasiand wavelength-cowertible networks. In sectionll, we
explainthe network andtraffic modelswe considerin our study Sectionlll, describe®ursimulationmodel
in detail and also explainsthe resultsof our simulationscaseby case. Finally sectionlV concludesthis

studywith a summaryof its majorcontritutions.

A. WavelengthConversion

If we assumehatnoneof thewavelength-routerbaswavelengthcorversioncapabilitiesthenalightpath
hasto occupy the samewavelengthon all the links thatit spans(this is called the wavelength-continujt
constaint). Hencein Figurel. thetwo lightpathsbetween(3,7) and(3,5) usethe samewavelengthA; and
Ao respectiely, on eachof the links their respectre lightpathtraverse. Networks having no wavelength
corversion abilitiesaresaidto be wavelength-continu@dnetworks

Wavelengthcorversioncapabilitiescanbeincorporatedn the optical cross-connect€OXC) of anoptical
network. Wavelengthcorversioncanbe achieved all-optically without O/E/O corversionor by electronics
via O/E/Ocorversionatthewavelengthcorvertingnodes If weassuméhateachof thenodesn thenetwork
is capableof full wavelengthcornversion,thenthelightpathsneednot be assignedhe samewavelengthon

eachof thelinks they traverse. For examplein Figure 1., we could now have the lightpath (3,7) using A\



onlink 3 — 4 andX; onlink 4 — 7, similarly lightpath (3,5) could now use\; onlink 3 — 4 and \;
onlink 4 — 5. Note, still we needto make surethattwo lightpathsmust usedifferentwavelengths,on
the commonfiber link 3 — 4, in orderto preventinterferenceof the optical signals. Networks having
wavelengthcorversioncapabilitiesaresaidto bewavelength-corertible-networks

A wavelength-cowvertible network can supportcompletecorversionat every or at a few stratgically
placedOXC nodes,i.e. at thesenodesany incoming wavelengthcan be corvertedto any wavelength
at the output. The wavelengthcontinuity constraintdistinguisheswvavelength-continuaes-networks from
a wavelength-cowertible-network, which blocks only when thereis no capacity (wavelengths)on ary
of the links along a particularroute. Thuswe can do away with the wavelength-continuit constraint
in wavelength-cowvertible-networks, which have completewavelengthconversioncapabilitiesat all their
nodes.

Figure 2., illustratesthe differencebetween,wavelength-continuas and wavelength-cowertible net-
works. The figure shavs nodes3, 7 and 6 of figure 1. in more detail. Supposethat eachlink in the
network has2 wavelengths\{, Ao andtherearethreelightpathrequesty2,7), (7,6) and(2,6). In the fig-
ure, figure 2(a).,2(b). shav nodeswithout andwith wavelengthcorversioncapabilitiesrespectiely. Now
assumehatlightpathrequest(2,7) and(7,6) aresatisfiedon A\; and Ao asshavn. Now supposeve have
anothelightpathrequest2,6),we canseefrom figure 2(a). thatsuchalightpathrequestannotbe satisfied
in awavelengthcontinuousmetwork, eventhoughthereis a freewavelengthalongthe path. This is because
theavailablewavelengthsaredifferentandhencethewavelength-contindy constraints not satisfiedalong
thepath.Ontheotherhand,now consideffigure2(b).,thelightpathrequestanbesatisfiedalongtheshavn
path,if wavelengthcorversionis allowed at node7. Thus,a wavelength-continuasinetwork may sufer
from a higherblockingascomparedo wavelength-cowvertible network.

Wavelengthcorversioncanbeachievedthroughtheuseof opto-electroni¢echnique$3,4], whichrequire
O/E corversionatthe OXC's or all-optically [5—7] requiringno O/E corversionatthe OXC nodes.Another
classificationof wavelengthcorvertersis basedon the placemenbf the wavelengthcorvertersin the net-
work, wavelengthconverterscanbe dedicatedr sharedfurtherthis sharingcanbe doneon a pernodeor
perlink basis.For furtherdetailson theseclassificationsve pointthereaderto [8—-10]. Researclhin [9,11],
focusedon the effect of usingsparsdocationof wavelengthcorvertersin the network. In [8], the authors
studythe effect of sharingof wavelengthcorvertersat the switchingportsof an OXC. The authorsin [12]

studythe effect of limited-rangewavelengthcornversionin WDM networks.



B. Survivability in WDM networks

Theadoptionof theWDM technologyhasresultedn aneverincreasinglegreeof concentratiorof traffic
on a singlefiberlink, whosefailure in a WDM network may affect upwards of a Terabit of traffic per
secondmotivatesthe studyof WDM network survivability andreliability. Theconcepbf survivableoptical
networks hasbeendiscusseaxtensvely in [13-19]. In addition,Pathandlink recorery schemesave also
beenresearcheth [20-22]. Thesestudieshave shavn thatpathprotectionprovidesa betterspare-capacity
utilizationthanlink protection but suffersfrom longerrecorvery times.

We assumehatthe network is survivable or protectedagainstary singlelink failure at the optical layer.
In our work, suchprotectionis provided by usinga path-basegrotectionschememorespecifically atthe
time of establishinga primary path (working), a link-disjoint badup (protection)pathis alsoestablished.
Theresultsin this paperarevalid for both1+1 and1:1 basedorotectionaslong aswe assuméehatno backup
pathbandwidthsharingoccurs.

For thewavelength-continuas-networks we considertwo differentcasedor protection:

« Typel: The primary pathandthe backuplightpathsneedto be assignedhe samewavelength. This sort
of wavelengthassignmeninay be necessarywhenthe sourceanddestinatiorof a lightpathhave agreedn

adwanceon the emitting andsinking wavelengthsand/orroutesaccordingto somepolicy constraints.This

constraintcould also be necessaryhenthereare not enoughtunabletransmittersand/orrecevers at the
sourceanddestinatiomodesor atary othernodesin the network.

« Typell: Theprimary pathandthe backuplightpathscanbe assignedlifferent wavelengths.This sort of

wavelengthassignmenassumeshereareno constraintsasdescribedn Typel pathprotectionabore.

For thewavelength-cowvertible-networks, with completecorversionatevery node anyavailablewavelength
onanylink alongtheroutecanbeassignedo the primaryandbackuplightpathsby definition. Hereagainit

is implicitly assumedhatthereareno constraint©on RWA asin Typel protectionschemedescribedabove.

C. Routing and Wavelength Assignment

In sucha wavelength-routechetwork, to establisha lightpath from a sources to a destinationd one
hasto determinea route along which the lightpath can be establishedand then assigna wavelength(or
wavelengthsn thecasewavelength-cowertible-retworks) to theselectedoute. Thisis termedastherouting

andwavelengthassignmenfRWA) [23,24] problem.



Routing

In general,a routing schemecan be classifiedas static or dynamic In static routing algorithmsthe
routing proceduredoesnot vary with time andtheroute(s)for a given source-destinatiopair is (are) pre-
determinedbasedon the topologyaswell ascertainpoliciesor constraintsput independenof the current
traffic conditionin thenetwork. In dynamicroutingalgorithmson the otherhand,theroutingprocedurecan
varywith time, suchalgorithmscanbeadaptive in thesenseahatthey canselectaroutebasednthecurrent
network conditions.In our work here,we will consideralternaterouting in which eachsource-destinatio
is associatedvith a setof (primary and backup)routes. If resourcesalong one route are not available,
thenanothemroutein the setwill be examined.The behaior of alternateroutingthusapproximateshat of
dynamicrouting algorithms|[25], in which the currenttraffic conditionin the network is usedto selecta
route.

In our studywe consideralternaterouting, suchthateachs — d pairis associateavith a maximumof M
primary routesandeachof the M primaryroutesareassociateavith K link-disjoint backuproutes.We do
not requirethatthe primary or backuppathsbe link-disjoint amongsthemseles. The link-disjointednes
constraints only requiredfor a primary pathandits correspondindpackuppath.

Whenthereare multiple primary and backuproutesto choosefrom, the routing algorithmfirst tries to
establishthe primary path along the shortestpossible(minimum hop) route andthentries to establishits
correspondingdpackuppathsalsoon the shortesipossibleroute. If the shortestoutesarenot availablethen

thenext longerrouteis tried. If two routeshave the sameength,thenoneof themis choseratrandom.

WavelengthAssignment

Thesecondcomponenbf the RWA problemisto assigrawavelengthoneachlink alongthechoserroute.
In [25], the authorscompareddifferent wavelengthassignmenpolicies which considerthe wavelengths
accordingto a fixed-orderasin [26], arandom-orderor accordingto the utilization of the wavelengthsas
in [27] alongwith bothfixed andunconstrainedouting (which is similar to alternaterouting with a large
enoughsetof routes). The authorsof [25] shaved that the wavelength-packingpolicy, which attemptsto
assignthe mostutilized wavelengthfirst, performsthe bestwhencomparedo otherwavelengthassignment
schemes.In this paper we will usethe First-Ht wavelengthassignmenpolicy for its simplicity. It is
importantto notethat, First-Fit is an exampleof fixed-orderwavelengthassignmentvhoseperformance
wasshavn to bevery closeto thatof the wavelength-packingpolicy in [25].

We considerthe following adaptve wavelengthassignmenschemesn our study for the wavelength-

continuous-netarks



1. Pack: This algorithmattemptsto route the pathsfirst on that wavelengthwhich hasthe mostutilized
wavelengthchannelsj.e. the wavelengthsare searchedn descendingrderof utilization, in the hopethat
this would maximizethe utilization of the availablewavelengths.

2. Spread:This algorithmattemptgto routethe pathsfirst on that wavelengthwhich hasthe leastutilized
wavelengthchannelsj.e. the wavelengthsare searchedn ascendingorderof utilization, in the hopethat
this would maximizethe utilization of the availablewavelengthsy distributing theload uniformly over the
availablewavelengths.

3. First-Fit: This algorithmattemptsto routethe pathson the first availablewavelengthin the wavelength
set,First-Fitis anexampleof fixed-ordemwavelengthassignment.

For the wavelength-cowertible-networks we alsousethe First-Fit wavelengthassignmenschemehop-
by-hop,i.e. we assignthefirst available wavelengthon a link, we repeatthis procesdor every hop (link)
alongtherouteof thepath.

We againemphasizéhattheroutingis donebeforethe wavelengthassignmentin boththe wavelength-
continuousandwavelength-cowertible casesHencetheroutesto be assignedvavelengthsarechoserfirst
in increasingorderof length. Thusour RWA schemads exhaustivein the sensahatall of the wavelengths
arefirst searchedor theshortestvailableroutein oneof theways(SpreadPack, First-Fit) describedbove.

Althoughsignificantresearcthasbeendoneon the useof wavelengthcorversionin [8,9,11,12,28-30],
noneof the researclconsidereda comprehense evaluation. To the bestof our knowledge, this work is
the first study which evaluatesthe benefitsof wavelengthcorversionin both fault tolerantandintolerant
networks, underincrementabnddynamictraffic conditions.Further this paperns alsothefirst paperwhich
studiesthe effect of alternatgpathroutingin suchnetworks usingwavelengthcorversion. This comparison
is donein termsof the wavelengthrequirementsndthe blocking of eachtheseschemesywhich arecritical

parametergor aWDM network.

II. Modeling and Performance Analysis of WDM networks with wavelengthcorversion
A. Network Model

Thenetwork physicaltopologyconsistof N nodesarbitrarily connectedy L bi-directionalfibers.Each
fiber cancarry2 - W unidirectionalwavelengths We assumea singlefiber systemhencef two nodess and
b areshovn connectedhenthereareW unidirectionalwavelengthsfrom nodea to nodeb, andalsoanother
W unidirectionalwavelengthdrom nodeb to nodea. Eachnodein suchanopticalnetwork canbeassumed
to have two functionalities:(1) alightpathor connectiorrequesgeneration/terminatiocapabilityand(2) a

wavelengthrouting capability This essentiallymeanghata nodecaneitheractasthe source/destinatioaf



a lightpathor actaswavelengthrouting node. The wavelengthrouting nodesdo not terminateor generate
lightpathsbut routethelightpathfrom the sourceto destinationhenceactingasabypass.
Theresultsshavn in this paperarefor theNSFnetwork shavn in Figure3. Theresultsfor otherrandomly
generatedopologieswerefoundto bevery similar andhencenot shavn. The NSF network hasa physical
topologywhich enableaus analyzeandstudyvariousinterestingaspectselatedto alternateroutingin both
fault tolerantand non-fault tolerantnetworks, wavelengthassignmenschemesndalso helpsus to study
the effect of having wavelengthtranslatingcross-connectsThe physicalconnectivitya is definedasthe
normalizednumberof bidirectionallinks with respecto a physicallyfully connectechetwork of the same

size.Thus,a = m for theNSFnetwork: o = 0.23, N = 14, L = 21.

B. Traffic Model

1. StaticTraffic: Hereit is assumedhatall the requestdor lightpathsthatareto be setup in the network
areknown initially. The objectve thencouldbefor example,to maximizethetotal throughput(or decrease
blocking)in the network, i.e. thetotal numberof lightpathswhich canbe establishedimultaneouslyn the
network. Sinceall the lightpathrequestsare knowvn beforehandhe RWA problemis simplerundersuch
traffic conditions. Integer linear programs(ILP) can be formulatedto find the optimal solution, several
heuristic-base@pproachesan also be usedto solve the RWA problem, but theseusually provide sub-
optimalresults.

2. IncrementalTraffic: In our studywe assumehatthe connectiorrequestgor amaximumof D lightpaths
arrive in the network oneafterthe otherincrementally andoncea connectiorrequesis satisfiedjt remains
in the network i.e. usesthe resourcesllocatedto it for aninfinite time. We assumehat the lightpath
requestareuniformandrandomj.e. theprobability of lightpathrequesfrom a sources to adestinationd,
isthesameVs,d € N andthereis no knowledgeof futurelightpathrequestsAlso notethatwe assumehat
every nodein the network canactasa sourceor a destination.

3. DynamicTraffic: In contrast,whenwe also studythe schemesunderdynamictraffic, wherelightpath
requestdetweens — d pairsarrive at randomandeachlightpathif establishedhasa randomholdingtime
afterwhichit is torn down andtheresourcesllocatedto it freed. We usea dynamictraffic modelin which
a lightpathrequestarrives at eachnodewith a uniform probability accordingto a poissonprocesswith a
network-widearrival rate 3. An arriving requesis equallylikely to be destinedo ary nodein the network.
Thelightpathholdingtime is assumedo be exponentiallydistributedwith meanl/u. Thus,theload, p, per
s —d nodepairisp =2 - /N - (N — 1)u, thefactorof 2 in thenumeratooccursbecauseve assumehat

every nodein the network canactasa sourceand/oradestination.



Hencenotethatin boththe abore casesa nodemay engagean sourcingand/orsinking multiple lightpaths
andin additionmary parallellightpath requestscan occur and be establishediependingon the network

resourcesindthe dynamictraffic lightpathrequestrrival andholdingrateparameters.

[11. Simulation Resultsand Performance Analysis

This sectiondescribeghe mannerin which the resultswere obtainedfrom simulationfor eachof the
scenarioenlistedbelon. Theresultsto be describedbelon are obtainedvia extensve simulationson the
NSF network topologyshavn in Figure3. For the caseof incrementatraffic, in eachrun of the simulation
amaximumof D demandsveregeneratedandomlyandfor eachvalueof wavelengths W in the network,
theblocking B is thenreportedoy averagingthe blocking over 100 suchruns. For the casewheredynamic
traffic is consideredin eachsimulationrun,amaximumof 10000 lightpathrequestsaregeneratedandomly
for variousvaluesof W andload per s — d pairin erlangsthe blockingis thenreportedby averagingthe

blockingover 100 suchruns.

A. Without Protection

In this sectionwe compareandexplainthe performancef RWA schemeshoseusingwavelengthcorver
sionandthosenot usingwavelengthcorversionandpresentesultsobtainedfrom simulations.We assume
that no protectionis necessaryand henceto satisfy a lightpath requestonly a primary path needsto be

established.

A.1 Comparisorof thevariouswavelengthassignmenschemes

We first comparehevariouswavelengthassignmenscheme®ack, SpreacandFirst-Fit describedrevi-
ously We comparehelightpathblockingby eachof theseschemesTheblockingis comparedor different
numberof wavelengthsperlink of the network andfor differenttotal numberof incrementalightpathre-
guestgyeneratedFigure4. depictsthis comparison.Thevalueof D in thefigure denoteghetotal number
of lightpathrequestdhatweregeneratedor that simulationrun. The figure shavs thatthereis very little
differencein the performancef eachof thesewavelengthassignmenschemesOn closerexaminationand
study our resultsindicatethat, on the averagethe First-Fit schemeprovidesthe lowestblocking followed
by Pack,followedby Spread We have alreadyindicatedthatFirst-Fitis a specialcaseof Fixed-ordemwave-
lengthassignmentlt is alsoeasyto seethatthe First-Fit schemeessentiallytriesto packwavelengthsand
henceis a specialcaseof the Pack wavelengthassignmenscheme.ln eachof our simulationwe assume

thatfor eachs — d pair, amaximumof M = 10 shortespathsaretried,in increasingorderof their length.



Basedon theseresults,from now on we usethe First-Fit wavelengthassignmenschemedo assign
wavelengthsto the primary (andbackuppaths,if they exist) pathsin both the wavelength-continucsiand

wavelength-cowertible networks.

A.2 Comparisorof the blockingwith andwithout wavelengthcorversions

Figure5. shaws the blocking obtainedby the First-Fit wavelengthassignmenschemen wavelength-
continuousand wavelength-cowertible networks underincrementaltraffic conditionswith no protection
providedfor the primary paths.Thefigure shawvs thatthereis a significantlowering of blockingthatcanbe
obtainedby providing wavelengthcorversion. Tablel shavs the wavelengthrequirementvith andwithout
wavelengthconversionfor achiering 100%throughputj.e. establishingll the D demandsThetableshavs
thatthereis verylittle differencein the numberof wavelengthsi,,...p heededo satisfyall the lightpath
requestswith and without wavelengthcorversion. On the other handnotice that wavelengthcorversion
consistenthachieveslower blocking thanthe no wavelengthconversioncasewhenB > 0 for a particular
D. Whenthe numberof wavelengthsW, is 1 the blocking in the two caseds exactly the sameasthere
is no room for wavelengthconversion. As the W increasesandthe blocking B, is suchthat B > 0 for a
particularD, i.e. all therequestedightpathshave still not beenmet, we find thatthe blockingachiered by
usingwavelengthconversionis verysimilar to thatgot by no wavelengthcornversionfor smallvaluesof .
This canbeexplainedasfollows, with smallnumberof W, theflexibility offeredto wavelength-cowertible
pathsis lower and hencethe numberof lightpathsestablisheds similar to the no wavelengthcase.As W
increasedurther to larger values(but still B > 0 andW < W,,..p), wavelengthconversionachieves
significantlylower blockingthanthe no wavelengthcorversioncase.For lower andintermediatevaluesof
W, (B > 0andW < Wp,..p) We noticethattherearecasesvherewavelengthconversionachieveshigher
blockingthanno wavelengthcorversion.

This phenomenortan be explainedas follows, allowing the primary lightpathto choosea route from
amongstM multipleroutesof increasindength,essentiallygivesmoreflexibility to wavelength-cowertible
pathsto establisha route. Hence,whenwavelengthconversionis allowed, the probability that the initial
requestsaresatisfiedoy usinglonger (morehopsandwavelength-channetlonsumingyoutesis higherthan
the no wavelengthconversioncasewhich do not have this flexibility. This hasa negative impacton the
performanceof RWA schemesusing wavelengthcorversion,sincenow the probability of future requests
to be blocked, is higher Thusby consequenc®WA schemesisingwavelengthcorversionoccuy more
wavelengthsand causeanincreasen overall blocking. This phenomenoms depictedin Figure6., which

plots the numberof wavelength-channelssedby wavelengthcornversionand no wavelengthcorversion
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casedor aparticularvalueof D andW. Thefigure shavs thatthe numberof wavelength-channelssedby
wavelengthcorversionis always higher thanthe no wavelengthcorversioncase. Furtheras W increases
the differencebetweenwavelength-channelssedby wavelengthcornversionandno wavelengthcorversion
alsoincreases.

Figures7. and 8. plot the meanpathlengthsof the establishedightpathsand the meannumberof
lightpathsestablishedy not usingthe shortestpossibleroute, when wavelengthconversionis usedand
whenwavelengthcorversionis notusedrespecttely. Thefiguresshaw thatthesevaluesaretypically larger

whenwavelengthcorversionis used.This canbe explainedalongthe sameline of agumentashbefore.

B. With Protection

In this section,we compareandexplain the simulationresultsobtainedfrom having wavelengthcorver
sionandno wavelengthconversioncapabilitiesn survivablenetworksusingpathprotectionwithoutbackup
path bandwidthsharing. We assumethat eachlighpath requestalways requires100% protectionandthe
protectioncanbe provided in the mannerexplainedsection I-B. We make the following assumptionsfor
eachprimary path,therearea choiceof M possibleroutesandeachof the M routesareassociateavith K
possiblebackuproutesasexplainedin section I-C . Furtherwe assumehatthelengthof the primary path
is alwayssmallerthanor at mostequalto thelengthof the backuppath. The simulationresultsshavn here

arefor thecasewhenM = 10 andK = 3.

B.1 Comparisorof theblockingwith andwithoutwavelengthcorversions—Incremeal traffic, with protec-
tion

Figure9. shavs the performancenf the networks with andwithout wavelengthcorversionusing Type
andTypell protectionunderincrementatraffic conditions. In the figure, P-I, P-Il and P-wc, denotetype
I (no corversion)wavelengthassignmentor thelightpaths,typell (no corversion)wavelengthassignment
for thelightpathsandfull wavelengthcorversioncasesespecirely. D, denoteshetotalnumberof lightpath
requestgieneratedn a simulationrun. The comparisoris donein a similar mannerasexplainedin section
I1I-A.1. Thefigureshaws thatthe blockingachieredby having wavelengthconversionis consistentlyower
thanthatobtainedby having no wavelengthcornversion,Typel andll wavelengthassignedgrotection.Fur
ther we noticethat the blocking of Typel protectionis muchhigherthanthe Typell andthe wavelength
conversioncase.

Tablell enumerateghe total numberof wavelengths W, p requiredto satisfyall the D incremental

lightpathrequestsn eachof the cases- no wavelengthcorversionwith Typel, llightpaths,no wavelength
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corversionwith Typell lightpathsandlightpathssetupusingwavelengthcorversion. We enlistonly those
caseswhereour simulationresultsindicatethat W,,,,,.p with wavelengthcorversionis different(higher)
thanthe W,,,..p in the no wavelengthcorversionwith Typell protection. Also noticethat W, p in the
no wavelengthconversionwith Typel protectionis alwayshigher We attribute theseresultsto the similar
phenomenomsexplainedin sectionlll-A.1 andfigures7. and 8., which do not considemrotection. The
flexibility offeredby wavelengthcorversionin termsof multiple routesfor the primary andbackuppaths,
hasa neggative impacton the performanceaslongerroutesarenow choseno establisitheinitial requests.

We do notrepeathefiguresanddatafor the sale of conciseness.

B.2 Comparisorof theblockingwith andwithoutwavelengthconversions—Dynamitraffic, with protection

In this sectionwe presensimulationresultsthatcomparehe efficiengy of wavelengthconversionversus
no wavelengthcornversionwhenthelightpathrequestaredynamicin nature.We comparethe performance
of networksusingwavelengthcorversionto setup primaryandbackuppathswith thoseusingnowavelength
conversionin conjunctionwith Typel andType Il wavelengthassignmento setup the backuppaths.The
performancemetric usedfor comparisons the blocking of eachof theseschemesunderdifferentloads
per s — d pair and wavelength,W in the network. Figure 10. shaws the resultof sucha performance
comparisonFromthefigurewe first noticethatirr espectiveof thevaluesof W andtheloadpers — d pair,
using wavelengthcorversionachieres a lower blocking as opposedo not using wavelengthconversion.
Furtherwe noticethatthe blocking of the algorithmusing Typel schemdor wavelengthassignmento the
backuppathis the highest followed by thatusinga Typell scheme.

Theblockingof eachof theschemeincreasesaswe increaseheloadpers — d pair, or decreaséV, these
resultsareintuitive. Next, theresultsshawv thatthedifferencen blockingof thedifferentschemesvhenW is
small(e.g. W < 4, but still usingwavelengthcorversionprovidesthelowestblocking. As W increasese.g.
W > 4), thedifferencein theblockingsof eachof theseschemed®ecomesnoreapparentThisis explained
asfollows, smallvaluesof W do not provide enougtflexibility to schemesisingwavelengthcorversion,so
thatthey canprovide a considerablemprovementin network resourcausageefficieney comparedo similar
schemesisingnowavelengthcorversion.Thusatlow W, theblockingis mainly determinedy theresource
limitations. As W increasesywavelengthcornversionachieresa significantlylower blocking.

Next we analyzehe performancef theseundervaryingloadpers —d pair. Fromthefigurewe noticethat
for smallloadstheblockingachiezed from usingwavelengthcorversionasopposedo notusingwavelength
corversionis very similar. Thisis becausdor very-smallto smallloads,network resourceavailability does

not tendto determinethe blocking aslong asthereare at leasta minimal numberof wavelengths. The
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differencein blocking of the schemedendto be maximumfor intermediate-loadialues,with wavelength
corversionproviding maximumloweringof blockingatsuchloads.At intermediate-loagtalues wavelength
corversionmakesuseof its inherentflexibility in choosingwavelengthgandby consequenceutes)for the
primary andbackuppaths,which the otherschemeslo not possesFurthernoticethat, the larger the value
of W, the more the decreasén blocking by using wavelengthcorversion. It is interestingto note that,
alternateoutingdoesnot seemo negatively affect the useof wavelengthcorversion,atintermediate-loads.
As theload pers — d pair increasegurther, againthe network resourcesi becomeshe limiting factor
for blockingandall the schemesreconfrontedwith blocking. Note thatusingwavelengthcornversionstill
providesthelowestblocking.

Finally in Figure 11., we plot the wavelengthrequirement®f eachof the schemedo satisfyall there-
guestedightpathdemanddor differentvaluesof loadpers — d pair. Thefigure shavs thatthewavelength
requiremenbf the schemeusingno wavelengthconversionwith Type | wavelengthassignmentor protec-
tion is the highest,followed by the schemeusing Type Il wavelengthassignmentor protection,which is
closely followed by the schemeusing wavelengthcorversionto setup the paths. It is interestingto no-
tice thatthedifferencein wavelengthrequiremenbetweenTypell andthatusingwavelengthcorversionis
minimal. In fact, therearemary casesvhenthey are exactly the same. We alsohighlight the casewhen
theloadis 0.1, whenthe wavelengthrequiremenbdf Typell is lower, albeitslightly. This is becauseising
wavelengthcorversionuseslonger resourceconsumingpathsfor someof the earlierlightpath demands
andhenceendsup occupying morewavelengthsfinally. In addition,in Figures12-15,we provide other
interestingresultsandinsightsto shav how themeanprimary andbadkup pathlengthsvary for thedifferent

protectionschemesyaryingnumberof wavelengthsaandwith andwithoutthe useof wavelengthconversion.

IV. Summary and Conclusion

Therehasbeensignificantdebateandresearcton theuseof wavelengthcorversionin WDM networks. In
this study we examinedthe needandusefulnes®f wavelengthcorversionin WDM networks. We studied
andcomparedhe effect on blocking andwavelengthrequiremenin networks emplgo/ing completewave-
length corversionandthosenot using ary wavelengthcorversion. The study comparedhetworks which
requireprotectionandthosethatdo not requireprotection for survivablenetworkswe applythe conceptof
alternaterouting to both the primary andbackuppathsandcomparedhe efficiengy of wavelengthcorver-
sion. The comparisorof theseschemesvasdoneunderboth incrementaland dynamictraffic conditions.
Usingtheresultsfrom detailedandextensve simulationswe find thatthe useof wavelengthcorversioncan

considerablyeducethe blocking of the network, but thereis minimal differencein the wavelengthrequire-
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mentsof eachof theseschemes.We then provide insightsand explanationsof theseresults. Finally, we

believe thatsereralissuesn the designof routing protocolsandefficient useof wavelengthconvertersstill

remainunresoled.
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Blocking of Various Wavelength Assignment Schemes
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Fig. 4. Blocking of variouswavelengthassignmenschemes—Incrementahffic, no protection.

Wavelength Conversion Vs No-Wavelength Conversion--Blocking
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No. of No. of Wavelengthd¥,,,.. b
DemandgD) | No-WC With-WC
50 6 6
75 8 8
100* 11 10
125 12 12
150 14 14
175 16 16
200 19 19
TABLE |

18

WAVELENGTH REQUIREMENT FOR 100% THROUGHPUT—INCREMENTAL TRAFFIC, NO PROTECTION. % — ONLY

CASE WHEN WAVELENGTH CONVERSION ALLOWS USE OF FEWER WAVELENGTH.

Wavelength Conversion Vs No-Wavelength Conversion--Channels used
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Wavelength Conversion Vs No Wavelength Conversion -- Path Lengths
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Fig. 7. Variationof the MeanPath Lengths—Incrementataffic, no protection.

Wavelength Conversion Vs No-Wavelength Conversion -- Shortest Paths
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Blocking of Protection Schemes--Wavelength Conversion Vs No-Wavelength Conversion
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Fig. 9. Blocking probabilitiesof variousprotectionschemes- Incrementatraffic, with protection.

No. of No. of WavelengthsW,,. b
DemandgD) | No-WC Typel | No-WC Typell | With-WC
50* 16 13 14
100 30 24 23
150+ 42 33 34
TABLE I

WAVELENGTH REQUIREMENT FOR 100% THROUGHPUT—INCREMENTAL TRAFFIC, WITH PROTECTION. * —

USING WAVELENGTH CONVERSION REQUIRES MORE WAVELENGTHS



Blocking of Protection Schemes--Wavelength Conversion Vs No-Wavelength Conversion,Dynamic Traffic
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Fig. 10. Blocking probabilitiesof variousprotectionschemes—Dynamitaffic, with protection.

Wavelength Requirement of Protection Schemes--Wavelength Conversion Vs No-Wavelength Conversion
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Fig. 11. Wavelengthrequirement®f variousprotectionschemes—Dynamitaffic, with protection.



Wavelength Conversion Vs No Wavelength Conversion -- Path Lengths
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Fig. 12. AverageBackuppathlengths—Incrementafaffic.

Wavelength Conversion Vs No-Wavelength Conversion -- Shortest Paths

32
30 e
0 28 S
&% .
o 26 -
£ .
0 24 -
g 22
2 20+ D=150,P-I D
B g | D=150P-we--x-- el
‘é D=100,P-Il --=-- T
g 16f D=100,P-wc---o-- A
S D=50,P-Il -4 7
& 141 D=50P-wg-+-- 7
£ 12 g
é 10 % IS A
c / ’
g 8 2 K
= 6 - 5 g G A
T O -
4 Y ... Tk
2 BAaER
0 1o -

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
No. Of Wavelengths

Fig. 13. AverageNumberof Backuppathsnot usingthe ShortesPath—Incrementatraffic.



Wavelength Conversion Vs No Wavelength Conversion -- Path Lengths
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Wavelength Conversion Vs No-Wavelength Conversion -- Shortest Paths
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Fig. 15. AverageNumberof Primarypathsnot usingthe ShortesPath—Incrementataffic.



