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Abstract

Thisstudyfocuseson theroutingandwavelengthassignmentin wavelength-routedopticalwavelength-divisioned

-multiplexednetworkswith circuit switchingusingwavelengthconversion.Wavelengthconversionhasbeenproposed

for usein suchnetworksto improvetheefficiency. Thecrucial factorswhich determinetheefficiency of usingwave-

lengthconversionasopposedto not usingthem,is thenumberof wavelengthsrequiredto satisfythenetwork traffic

demandandtheblockingof traffic demandsby thenetwork. In additionto consideringwavelengthconversion,this

study investigatesthe effect of having multiple pathsbetweeneachsource-destinationpair. We considerthe cases

whereprotectionis necessaryfor eachof theprimarypathsbetweeneverysource-destinationpairandhenceabackup

pathalsohasto beestablishedduringconnectionsetup, andthecasewhenno protectionis necessary. We studythe

effect of wavelengthconversionwith differentprotectionschemes.By simulatingandanalyzinga large numberof

randomlygeneratednetworks we report resultsof our studyof the above schemesunderboth incrementalanddy-

namictraffic conditions.Thestudyshows thatutilizing wavelengthconversionhasaconsiderableimpacton reducing

network blockingunderboth incrementalanddynamictraffic conditions,on theotherhandwe find thedifferencein

wavelengthrequirementsof thevariousschemesconsideredis minimal.
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I . Intr oduction

Optical networks using wavelength-division-multiplexing (WDM) [1] networks are consideredto be

promisingcandidatesfor thefuturewide-areabackbonenetworks. By usingtheWDM techniquesuchnet-

worksmakeuseof theenormousbandwidthof anopticalfiber. WDM dividesthetremendousbandwidthof

afiberin to many non-overlappingwavelengths(or wavelengthchannels)whichcanoperatesimultaneously,

with thefundamentalrequirementthateachof thesechannelsoperateatdifferentwavelengths.
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We considera WDM network whosephysical topology consistsof (optical) wavelength-routerscon-

nectedby point-to-pointfiber links in an arbitrary meshtopology as shown in Figure 1. Betweentwo

connectedwavelength-routers,thereis 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 undergoing opto-electronic(O/E) conversion.An accessstation

(e.g.,anIP router)maybeconnectedto eachopticalwavelength-router, which cantransmit/receive signals

througheithera tunabletransmitter/receiver or a transmitter/receiver array. A connectionrequestis satisfied

by establishinga lightpath from thesourcenode(accessstationor wavelength-router)of theconnectionto

the destinationnode. A lightpathusesonewavelengthon eachlink it spansto provide a circuit-switched

interconnectionbetweenthesourceanddestinationnodes.A wavelength-routednetwork [2] which carries

datafrom oneaccessstationto anotherwithout any intermediateO/E conversionis referredto asan all-

optical wavelength-routednetwork. As shown in Figure1., two lightpaths,onebetweennodes3 and5,

andtheotherbetweennodes3 and7, mustusedifferentwavelengths,( ��� and ��� ) on a commonfiber link

( �	��
 ), in orderto preventinterferenceof theopticalsignals.

This studyis organizedasfollows: In sectionI, we introducewavelength-continuous andwavelength-

convertible networks,we thenintroducevarioussurvivability schemesin suchWDM networks. Next, we

introduceRWA in suchwavelength-continuous and wavelength-convertible networks. In sectionII, we

explain thenetwork andtraffic modelsweconsiderin ourstudy. SectionIII, describesoursimulationmodel

in detail andalsoexplains the resultsof our simulationscaseby case. Finally sectionIV concludesthis

studywith asummaryof its majorcontributions.

A. WavelengthConversion

If weassumethatnoneof thewavelength-routershaswavelengthconversioncapabilities,thena lightpath

hasto occupy the samewavelengthon all the links that it spans(this is calledthe wavelength-continuity

constraint). Hencein Figure1. thetwo lightpathsbetween(3,7)and(3,5)usethesamewavelength��� and

��� respectively, on eachof the links their respective lightpath traverse. Networks having no wavelength

conversionabilitiesaresaidto bewavelength-continuous-networks.

Wavelengthconversioncapabilitiescanbeincorporatedin theopticalcross-connects(OXC) of anoptical

network. Wavelengthconversioncanbeachievedall-optically without O/E/Oconversionor by electronics

via O/E/Oconversionatthewavelengthconvertingnodes.If weassumethateachof thenodesin thenetwork

is capableof full wavelengthconversion,thenthe lightpathsneednot beassignedthesamewavelengthon

eachof the links they traverse.For examplein Figure1., we could now have the lightpath(3,7) using ���
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on link �
� 
 and � � on link 
�� � , similarly lightpath(3,5) could now use � � on link ��� 
 and � �
on link 
�� � . Note, still we needto make surethat two lightpathsmustusedifferentwavelengths,on

the commonfiber link ��� 
 , in order to prevent interferenceof the optical signals. Networks having

wavelengthconversioncapabilitiesaresaidto bewavelength-convertible-networks.

A wavelength-convertible network can supportcompleteconversionat every or at a few strategically

placedOXC nodes,i.e. at thesenodesany incoming wavelengthcan be converted to any wavelength

at the output. The wavelengthcontinuity constraintdistinguisheswavelength-continuous-networks from

a wavelength-convertible-network, which blocks only when there is no capacity(wavelengths)on any

of the links along a particular route. Thus we can do away with the wavelength-continuity constraint

in wavelength-convertible-networks, which have completewavelengthconversioncapabilitiesat all their

nodes.

Figure 2., illustratesthe differencebetween,wavelength-continuous and wavelength-convertible net-

works. The figure shows nodes � , � and � of figure 1. in more detail. Supposethat eachlink in the

network has � wavelengths��� , ��� andtherearethreelightpathrequests(2,7), (7,6) and(2,6). In the fig-

ure,figure2(a).,2(b). show nodeswithout andwith wavelengthconversioncapabilitiesrespectively. Now

assumethat lightpathrequest(2,7) and(7,6) aresatisfiedon � � and � � asshown. Now supposewe have

anotherlightpathrequest(2,6),wecanseefrom figure2(a). thatsucha lightpathrequestcannotbesatisfied

in awavelengthcontinuousnetwork, eventhoughthereis a freewavelengthalongthepath.This is because

theavailablewavelengthsaredifferentandhencethewavelength-continuity constraintis not satisfiedalong

thepath.Ontheotherhand,now considerfigure2(b).,thelightpathrequestcanbesatisfiedalongtheshown

path, if wavelengthconversionis allowed at node7. Thus,a wavelength-continuous network may suffer

from a higherblockingascomparedto wavelength-convertiblenetwork.

Wavelengthconversioncanbeachievedthroughtheuseof opto-electronictechniques[3,4], whichrequire

O/Econversionat theOXC’sor all-optically [5–7] requiringnoO/Econversionat theOXC nodes.Another

classificationof wavelengthconvertersis basedon theplacementof thewavelengthconvertersin thenet-

work, wavelengthconverterscanbededicatedor shared,further this sharingcanbedoneon a per-nodeor

per-link basis.For furtherdetailson theseclassificationswe point thereaderto [8–10]. Researchin [9,11],

focusedon theeffect of usingsparselocationof wavelengthconvertersin thenetwork. In [8], theauthors

studytheeffect of sharingof wavelengthconvertersat theswitchingportsof anOXC. Theauthorsin [12]

studytheeffectof limited-rangewavelengthconversionin WDM networks.
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B. Survivability in WDM networks

Theadoptionof theWDM technologyhasresultedin anever increasingdegreeof concentrationof traffic

on a single fiber-link, whosefailure in a WDM network may affect upwardsof a Terabit of traffic per

second,motivatesthestudyof WDM network survivability andreliability. Theconceptof survivableoptical

networkshasbeendiscussedextensively in [13–19]. In addition,Pathandlink recovery schemeshave also

beenresearchedin [20–22]. Thesestudieshave shown thatpathprotectionprovidesa betterspare-capacity

utilization thanlink protection,but suffersfrom longerrecovery times.

We assumethat thenetwork is survivableor protectedagainstany singlelink failureat theoptical layer.

In our work, suchprotectionis providedby usinga path-basedprotectionscheme,morespecifically, at the

time of establishinga primary path (working), a link-disjoint backup (protection)pathis alsoestablished.

Theresultsin thispaperarevalid for both1+1 and1:1 basedprotectionaslongasweassumethatnobackup

pathbandwidthsharingoccurs.

For thewavelength-continuous-networks we considertwo differentcasesfor protection:

� TypeI: Theprimarypathandthebackuplightpathsneedto beassignedthesamewavelength.This sort

of wavelengthassignmentmaybenecessarywhenthesourceanddestinationof a lightpathhave agreedin

advanceon theemittingandsinkingwavelengthsand/orroutesaccordingto somepolicy constraints.This

constraintcould alsobe necessarywhentherearenot enoughtunabletransmittersand/orreceiversat the

sourceanddestinationnodes,or atany othernodesin thenetwork.

� TypeII: Theprimarypathandthebackuplightpathscanbeassigneddifferent wavelengths.This sortof

wavelengthassignmentassumesthereareno constraintsasdescribedin TypeI pathprotectionabove.

For thewavelength-convertible-networks,with completeconversionateverynode,anyavailablewavelength

onanylink alongtheroutecanbeassignedto theprimaryandbackuplightpathsby definition.Hereagainit

is implicitly assumedthattherearenoconstraintson RWA asin TypeI protectionschemedescribedabove.

C. Routing and WavelengthAssignment

In sucha wavelength-routednetwork, to establisha lightpath from a source � to a destination� one

hasto determinea route along which the lightpath can be establishedand thenassigna wavelength(or

wavelengthsin thecasewavelength-convertible-networks) to theselectedroute.Thisis termedastherouting

andwavelengthassignment(RWA) [23,24] problem.
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Routing

In general,a routing schemecan be classifiedas static or dynamic. In static routing algorithmsthe

routingproceduredoesnot vary with time andtheroute(s)for a givensource-destinationpair is (are)pre-

determinedbasedon the topologyaswell ascertainpoliciesor constraints,but independentof thecurrent

traffic conditionin thenetwork. In dynamicroutingalgorithmsontheotherhand,theroutingprocedurecan

varywith time,suchalgorithmscanbeadaptive, in thesensethatthey canselectaroutebasedonthecurrent

network conditions.In our work here,we will consideralternaterouting, in which eachsource-destination

is associatedwith a set of (primary and backup)routes. If resourcesalong one route are not available,

thenanotherroutein thesetwill beexamined.Thebehavior of alternateroutingthusapproximatesthatof

dynamicrouting algorithms[25], in which the currenttraffic condition in the network is usedto selecta

route.

In ourstudywe consideralternaterouting,suchthateach����� pair is associatedwith a maximumof �
primaryroutesandeachof the � primaryroutesareassociatedwith � link-disjoint backuproutes.Wedo

not requirethat theprimaryor backuppathsbe link-disjoint amongstthemselves. The link-disjointedness

constraintis only requiredfor aprimarypathandits correspondingbackuppath.

Whentherearemultiple primary andbackuproutesto choosefrom, the routing algorithmfirst tries to

establishthe primary pathalongthe shortestpossible(minimum hop) routeandthentries to establishits

correspondingbackuppathsalsoon theshortestpossibleroute. If theshortestroutesarenot availablethen

thenext longerrouteis tried. If two routeshave thesamelength,thenoneof themis chosenat random.

WavelengthAssignment

Thesecondcomponentof theRWA problemis to assignawavelengthoneachlink alongthechosenroute.

In [25], the authorscompareddifferent wavelengthassignmentpolicies which considerthe wavelengths

accordingto a fixed-orderasin [26], a random-order, or accordingto theutilization of thewavelengthsas

in [27] alongwith both fixedandunconstrainedrouting (which is similar to alternateroutingwith a large

enoughsetof routes).The authorsof [25] showed that thewavelength-packingpolicy, which attemptsto

assignthemostutilizedwavelengthfirst, performsthebestwhencomparedto otherwavelengthassignment

schemes.In this paper, we will usethe First-Fit wavelengthassignmentpolicy for its simplicity. It is

importantto note that, First-Fit is an exampleof fixed-orderwavelengthassignmentwhoseperformance

wasshown to bevery closeto thatof thewavelength-packingpolicy in [25].

We considerthe following adaptive wavelengthassignmentschemesin our study for the wavelength-

continuous-networks.
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1. Pack: This algorithmattemptsto route the pathsfirst on that wavelengthwhich hasthe mostutilized

wavelengthchannels,i.e. thewavelengthsaresearchedin descendingorderof utilization, in thehopethat

thiswouldmaximizetheutilization of theavailablewavelengths.

2. Spread:This algorithmattemptsto routethepathsfirst on thatwavelengthwhich hasthe leastutilized

wavelengthchannels,i.e. the wavelengthsaresearchedin ascendingorderof utilization, in the hopethat

thiswouldmaximizetheutilizationof theavailablewavelengthsby distributing theloaduniformly over the

availablewavelengths.

3. First-Fit: This algorithmattemptsto routethepathson thefirst availablewavelengthin thewavelength

set,First-Fit is anexampleof fixed-orderwavelengthassignment.

For the wavelength-convertible-networks we alsousethe First-Fit wavelengthassignmentschemehop-

by-hop,i.e. we assignthefirst availablewavelengthon a link, we repeatthis processfor every hop (link)

alongtherouteof thepath.

We againemphasizethat therouting is donebeforethewavelengthassignment,in boththewavelength-

continuousandwavelength-convertible cases.Hencetheroutesto beassignedwavelengthsarechosenfirst

in increasingorderof length.Thusour RWA schemeis exhaustive, in thesensethatall of thewavelengths

arefirst searchedfor theshortestavailableroutein oneof theways(Spread,Pack,First-Fit)describedabove.

Althoughsignificantresearchhasbeendoneon theuseof wavelengthconversionin [8,9,11,12,28–30],

noneof the researchconsidereda comprehensive evaluation. To the bestof our knowledge,this work is

the first studywhich evaluatesthe benefitsof wavelengthconversionin both fault tolerantandintolerant

networks,underincrementalanddynamictraffic conditions.Further, thispaperis alsothefirst paperwhich

studiestheeffect of alternatepathroutingin suchnetworksusingwavelengthconversion.This comparison

is donein termsof thewavelengthrequirementsandtheblockingof eachtheseschemes,which arecritical

parametersfor aWDM network.

I I . Modeling and PerformanceAnalysisof WDM networks with wavelengthconversion

A. Network Model

Thenetwork physicaltopologyconsistsof � nodesarbitrarilyconnectedby � bi-directionalfibers.Each

fibercancarry �! #" unidirectionalwavelengths.Weassumeasinglefibersystem,henceif two nodes$ and
%

areshown connectedthenthereare " unidirectionalwavelengthsfrom node$ to node
%
, andalsoanother

" unidirectionalwavelengthsfrom node
%

to node$ . Eachnodein suchanopticalnetwork canbeassumed

to have two functionalities:(1) a lightpathor connectionrequestgeneration/termination capabilityand(2) a

wavelengthroutingcapability. This essentiallymeansthatanodecaneitheractasthesource/destinationof
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a lightpathor actaswavelengthroutingnode.Thewavelengthroutingnodesdo not terminateor generate

lightpathsbut routethelightpathfrom thesourceto destination,henceactingasabypass.

Theresultsshown in thispaperarefor theNSFnetwork shown in Figure3. Theresultsfor otherrandomly

generatedtopologieswerefoundto bevery similar andhencenot shown. TheNSFnetwork hasa physical

topologywhich enablesusanalyzeandstudyvariousinterestingaspectsrelatedto alternateroutingin both

fault tolerantandnon-fault tolerantnetworks, wavelengthassignmentschemesandalsohelpsus to study

the effect of having wavelengthtranslatingcross-connects.The physicalconnectivity& is definedasthe

normalizednumberof bidirectionallinks with respectto a physicallyfully connectednetwork of thesame

size.Thus, &�' ()+*-,.)+/ �10 , for theNSFnetwork: &�'32546�7�98:�;'=<>
?8:�@'A�5< .
B. Traffic Model

1. StaticTraffic: Hereit is assumedthatall therequestsfor lightpathsthatareto besetup in thenetwork

areknown initially. Theobjective thencouldbefor example,to maximizethetotal throughput(or decrease

blocking)in thenetwork, i.e. thetotal numberof lightpathswhich canbeestablishedsimultaneouslyin the

network. Sinceall the lightpathrequestsareknown beforehandthe RWA problemis simplerundersuch

traffic conditions. Integer linear programs(ILP) canbe formulatedto find the optimal solution, several

heuristic-basedapproachescan also be usedto solve the RWA problem,but theseusually provide sub-

optimalresults.

2. IncrementalTraffic: In ourstudyweassumethattheconnectionrequestsfor amaximumof B lightpaths

arrive in thenetwork oneaftertheotherincrementally, andonceaconnectionrequestis satisfied,it remains

in the network i.e. usesthe resourcesallocatedto it for an infinite time. We assumethat the lightpath

requestsareuniformandrandom,i.e. theprobabilityof lightpathrequestfrom asource� to adestination� ,
is thesameC�� , �EDF� andthereis no knowledgeof futurelightpathrequests.Also notethatweassumethat

every nodein thenetwork canactasasourceor adestination.

3. DynamicTraffic: In contrast,whenwe alsostudythe schemesunderdynamictraffic, wherelightpath

requestsbetween�G�H� pairsarrive at randomandeachlightpathif establishedhasa randomholdingtime

afterwhich it is torn down andtheresourcesallocatedto it freed.Weusea dynamictraffic modelin which

a lightpathrequestarrivesat eachnodewith a uniform probability accordingto a poissonprocesswith a

network-widearrival rate I . An arriving requestis equallylikely to bedestinedto any nodein thenetwork.

Thelightpathholdingtime is assumedto beexponentiallydistributedwith mean<KJML . Thus,theload, N , per

�O��� nodepair is NP'Q�R SITJU�V XWY�Z��<K[1L , thefactorof � in thenumeratoroccursbecausewe assumethat

every nodein thenetwork canactasasourceand/oradestination.
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Hencenotethat in boththeabove cases,a nodemayengagein sourcingand/orsinkingmultiple lightpaths

and in additionmany parallel lightpath requestscanoccurandbe establisheddependingon the network

resourcesandthedynamictraffic lightpathrequestarrival andholdingrateparameters.

I I I . Simulation Resultsand PerformanceAnalysis

This sectiondescribesthe mannerin which the resultswereobtainedfrom simulationfor eachof the

scenariosenlistedbelow. The resultsto be describedbelow areobtainedvia extensive simulationson the

NSFnetwork topologyshown in Figure3. For thecaseof incrementaltraffic, in eachrun of thesimulation

amaximumof B demandsweregeneratedrandomlyandfor eachvalueof wavelengths," in thenetwork,

theblocking \ is thenreportedby averagingtheblockingover <S272 suchruns.For thecasewheredynamic

traffic is considered,in eachsimulationrun,amaximumof <S2727272 lightpathrequestsaregeneratedrandomly

for variousvaluesof " andloadper �R�@� pair in erlangs,theblocking is thenreportedby averagingthe

blockingover <S272 suchruns.

A. Without Protection

In thissectionwecompareandexplaintheperformanceof RWA schemes,thoseusingwavelengthconver-

sionandthosenot usingwavelengthconversionandpresentresultsobtainedfrom simulations.We assume

that no protectionis necessaryand henceto satisfy a lightpath requestonly a primary path needsto be

established.

A.1 Comparisonof thevariouswavelengthassignmentschemes

Wefirst comparethevariouswavelengthassignmentschemesPack,SpreadandFirst-Fit describedprevi-

ously. Wecomparethelightpathblockingby eachof theseschemes.Theblockingis comparedfor different

numberof wavelengthsper link of thenetwork andfor differenttotal numberof incrementallightpathre-

questsgenerated.Figure4. depictsthis comparison.Thevalueof B in thefiguredenotesthetotal number

of lightpathrequeststhatweregeneratedfor that simulationrun. Thefigureshows that thereis very little

differencein theperformanceof eachof thesewavelengthassignmentschemes.On closerexaminationand

study, our resultsindicatethat,on theaveragetheFirst-Fit schemeprovidesthe lowestblocking followed

by Pack,followedby Spread.WehavealreadyindicatedthatFirst-Fit is aspecialcaseof Fixed-orderwave-

lengthassignment.It is alsoeasyto seethat theFirst-Fit schemeessentiallytries to packwavelengthsand

henceis a specialcaseof the Packwavelengthassignmentscheme.In eachof our simulationwe assume

thatfor each�O��� pair, amaximumof �]'=<S2 shortestpathsaretried, in increasingorderof their length.
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Basedon theseresults,from now on we use the First-Fit wavelengthassignmentschemesto assign

wavelengthsto theprimary (andbackuppaths,if they exist) pathsin both thewavelength-continuous and

wavelength-convertible networks.

A.2 Comparisonof theblockingwith andwithout wavelengthconversions

Figure5. shows the blocking obtainedby the First-Fit wavelengthassignmentschemein wavelength-

continuousand wavelength-convertible networks underincrementaltraffic conditionswith no protection

providedfor theprimarypaths.Thefigureshows thatthereis asignificantloweringof blockingthatcanbe

obtainedby providing wavelengthconversion.TableI shows thewavelengthrequirementwith andwithout

wavelengthconversionfor achieving 100%throughput,i.e. establishingall the B demands.Thetableshows

that thereis very little differencein thenumberof wavelengths"_^a`:bKc neededto satisfyall the lightpath

requestswith andwithout wavelengthconversion. On the otherhandnotice that wavelengthconversion

consistentlyachieveslower blockingthantheno wavelengthconversioncase,when \edf2 for a particular

B . Whenthe numberof wavelengths" , is 1 the blocking in the two casesis exactly the sameasthere

is no room for wavelengthconversion. As the " increasesandtheblocking \ , is suchthat \�dg2 for a

particular B , i.e. all therequestedlightpathshave still not beenmet,we find that theblockingachievedby

usingwavelengthconversionis verysimilar to thatgotby nowavelengthconversionfor smallvaluesof " .

Thiscanbeexplainedasfollows,with smallnumberof " , theflexibility offeredto wavelength-convertible

pathsis lower andhencethenumberof lightpathsestablishedis similar to theno wavelengthcase.As "
increasesfurther to larger values(but still \hdi2 and " j;"_^k`#bKc ), wavelengthconversionachieves

significantlylower blockingthantheno wavelengthconversioncase.For lower andintermediatevaluesof

" , ( \ld�2 and " jm" ^k`#bKc ) wenoticethattherearecaseswherewavelengthconversionachieveshigher

blockingthanno wavelengthconversion.

This phenomenoncanbe explainedas follows, allowing the primary lightpath to choosea route from

amongst� multipleroutes,of increasinglength,essentiallygivesmoreflexibility to wavelength-convertible

pathsto establisha route. Hence,whenwavelengthconversionis allowed, the probability that the initial

requestsaresatisfiedby usinglonger (morehopsandwavelength-channelconsuming)routesis higherthan

the no wavelengthconversioncasewhich do not have this flexibility. This hasa negative impacton the

performanceof RWA schemesusingwavelengthconversion,sincenow the probability of future requests

to be blocked, is higher. Thusby consequenceRWA schemesusingwavelengthconversionoccupy more

wavelengthsandcausean increasein overall blocking. This phenomenonis depictedin Figure6., which

plots the numberof wavelength-channelsusedby wavelengthconversionand no wavelengthconversion
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casesfor aparticularvalueof B and " . Thefigureshows thatthenumberof wavelength-channelsusedby

wavelengthconversionis alwayshigher thanthe no wavelengthconversioncase.Furtheras " increases

thedifferencebetweenwavelength-channelsusedby wavelengthconversionandno wavelengthconversion

alsoincreases.

Figures7. and 8. plot the meanpath lengthsof the establishedlightpathsand the meannumberof

lightpathsestablishedby not using the shortestpossibleroute, when wavelengthconversionis usedand

whenwavelengthconversionis notusedrespectively. Thefiguresshow thatthesevaluesaretypically larger

whenwavelengthconversionis used.Thiscanbeexplainedalongthesameline of argumentasbefore.

B. With Protection

In this section,we compareandexplain thesimulationresultsobtainedfrom having wavelengthconver-

sionandnowavelengthconversioncapabilitiesin survivablenetworksusingpathprotectionwithoutbackup

pathbandwidthsharing. We assumethat eachlighpathrequestalways requires <S272on protectionandthe

protectioncanbeprovided in themannerexplainedsection I-B. We make thefollowing assumptions,for

eachprimarypath,therearea choiceof � possibleroutesandeachof the � routesareassociatedwith �
possiblebackuproutesasexplainedin section I-C . Furtherwe assumethat thelengthof theprimarypath

is alwayssmallerthanor at mostequalto thelengthof thebackuppath.Thesimulationresultsshown here

arefor thecasewhen �]'=<S2 and �p'3� .
B.1 Comparisonof theblockingwith andwithoutwavelengthconversions–Incremental traffic, with protec-

tion

Figure9. shows theperformanceof thenetworkswith andwithout wavelengthconversionusingTypeI

andType II protectionunderincrementaltraffic conditions. In thefigure,P-I, P-II andP-wc,denotetype

I (no conversion)wavelengthassignmentfor thelightpaths,typeII (no conversion)wavelengthassignment

for thelightpathsandfull wavelengthconversioncasesrespectively. B , denotesthetotalnumberof lightpath

requestsgeneratedin a simulationrun. Thecomparisonis donein a similar mannerasexplainedin section

III-A.1. Thefigureshows thattheblockingachievedby having wavelengthconversionis consistentlylower

thanthatobtainedby having no wavelengthconversion,TypeI andII wavelengthassignedprotection.Fur-

ther we noticethat the blocking of Type I protectionis muchhigherthanthe Type II andthe wavelength

conversioncase.

TableII enumeratesthe total numberof wavelengths,"�^k`:bKc requiredto satisfyall the B incremental

lightpathrequestsin eachof thecases– no wavelengthconversionwith TypeI, llightpaths,no wavelength



11

conversionwith TypeII lightpathsandlightpathssetupusingwavelengthconversion.We enlistonly those

caseswhereour simulationresultsindicatethat "_^k`#bKc with wavelengthconversionis different (higher)

thanthe "_^a`:bKc in theno wavelengthconversionwith Type II protection.Also noticethat "_^a`:bKc in the

no wavelengthconversionwith TypeI protectionis alwayshigher. We attribute theseresultsto thesimilar

phenomenonasexplainedin sectionIII-A.1 andfigures7. and 8., which do not considerprotection.The

flexibility offeredby wavelengthconversionin termsof multiple routesfor theprimaryandbackuppaths,

hasa negative impacton theperformance,aslongerroutesarenow chosento establishtheinitial requests.

Wedonot repeatthefiguresanddatafor thesake of conciseness.

B.2 Comparisonof theblockingwith andwithoutwavelengthconversions–Dynamictraffic, with protection

In thissectionwe presentsimulationresultsthatcomparetheefficiency of wavelengthconversionversus

no wavelengthconversionwhenthelightpathrequestsaredynamicin nature.Wecomparetheperformance

of networksusingwavelengthconversionto setupprimaryandbackuppathswith thoseusingnowavelength

conversionin conjunctionwith TypeI andTypeII wavelengthassignmentto setup thebackuppaths.The

performancemetric usedfor comparisonis the blocking of eachof theseschemesunderdifferent loads

per �q�f� pair and wavelength, " in the network. Figure 10. shows the result of sucha performance

comparison.Fromthefigurewe first noticethat irrespectiveof thevaluesof " andtheloadper ����� pair,

using wavelengthconversionachieves a lower blocking asopposedto not using wavelengthconversion.

Furtherwe noticethattheblockingof thealgorithmusingTypeI schemefor wavelengthassignmentto the

backuppathis thehighest,followedby thatusingaTypeII scheme.

Theblockingof eachof theschemesincreasesasweincreasetheloadper �r�s� pair, or decrease" , these

resultsareintuitive. Next, theresultsshow thatthedifferencein blockingof thedifferentschemeswhen " is

small(e.g. " tu
 , but still usingwavelengthconversionprovidesthelowestblocking.As " increases(e.g.

" du
 ), thedifferencein theblockingsof eachof theseschemesbecomesmoreapparent.This is explained

asfollows,smallvaluesof " donotprovideenoughflexibility to schemesusingwavelengthconversion,so

thatthey canprovideaconsiderableimprovementin network resourceusageefficiency comparedto similar

schemesusingnowavelengthconversion.Thusatlow " , theblockingis mainlydeterminedby theresource

limitations.As " increases,wavelengthconversionachievesasignificantlylower blocking.

Next weanalyzetheperformanceof theseundervaryingloadper �v�	� pair. Fromthefigurewenoticethat

for smallloadstheblockingachievedfrom usingwavelengthconversionasopposedto notusingwavelength

conversionis very similar. This is becausefor very-smallto small loads,network resourceavailability does

not tend to determinethe blocking as long as thereareat leasta minimal numberof wavelengths. The
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differencein blockingof theschemestendto be maximumfor intermediate-loadvalues,with wavelength

conversionproviding maximumloweringof blockingatsuchloads.At intermediate-loadvalues,wavelength

conversionmakesuseof its inherentflexibility in choosingwavelengths(andby consequenceroutes)for the

primaryandbackuppaths,which theotherschemesdo not posses.Furthernoticethat,thelarger thevalue

of " , the more the decreasein blocking by using wavelengthconversion. It is interestingto note that,

alternateroutingdoesnotseemto negatively affect theuseof wavelengthconversion,at intermediate-loads.

As the load per �	��� pair increasesfurther, againthe network resources," becomesthe limiting factor

for blockingandall theschemesareconfrontedwith blocking. Notethatusingwavelengthconversionstill

providesthelowestblocking.

Finally in Figure11., we plot thewavelengthrequirementsof eachof the schemesto satisfyall the re-

questedlightpathdemandsfor differentvaluesof loadper ����� pair. Thefigureshows thatthewavelength

requirementof theschemeusingno wavelengthconversionwith TypeI wavelengthassignmentfor protec-

tion is the highest,followed by the schemeusingType II wavelengthassignmentfor protection,which is

closely followed by the schemeusingwavelengthconversionto setup the paths. It is interestingto no-

tice thatthedifferencein wavelengthrequirementbetweenTypeII andthatusingwavelengthconversionis

minimal. In fact, therearemany caseswhenthey areexactly the same.We alsohighlight the casewhen

the loadis 254w< , whenthewavelengthrequirementof TypeII is lower, albeitslightly. This is becauseusing

wavelengthconversionuseslonger, resourceconsumingpathsfor someof the earlier lightpathdemands

andhenceendsup occupying morewavelengthsfinally. In addition, in Figures12-15,we provide other

interestingresultsandinsightsto show how themeanprimaryandbackuppathlengthsvaryfor thedifferent

protectionschemes,varyingnumberof wavelengthsandwith andwithout theuseof wavelengthconversion.

IV. Summary and Conclusion

Therehasbeensignificantdebateandresearchontheuseof wavelengthconversionin WDM networks. In

this study, we examinedtheneedandusefulnessof wavelengthconversionin WDM networks. We studied

andcomparedtheeffect on blockingandwavelengthrequirementin networks employing completewave-

lengthconversionandthosenot usingany wavelengthconversion. The studycomparednetworks which

requireprotectionandthosethatdo not requireprotection,for survivablenetworkswe applytheconceptof

alternaterouting to both theprimaryandbackuppathsandcomparedtheefficiency of wavelengthconver-

sion. The comparisonof theseschemeswasdoneunderboth incrementalanddynamictraffic conditions.

Usingtheresultsfrom detailedandextensivesimulations,wefind thattheuseof wavelengthconversioncan

considerablyreducetheblockingof thenetwork, but thereis minimal differencein thewavelengthrequire-
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mentsof eachof theseschemes.We thenprovide insightsandexplanationsof theseresults. Finally, we

believe thatseveral issuesin thedesignof routingprotocolsandefficient useof wavelengthconvertersstill

remainunresolved.
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No. of No. of Wavelengths" ^a`:bKc
Demands(D) No-WC With-WC

50 6 6

75 8 8

100y 11 10

125 12 12

150 14 14

175 16 16

200 19 19

TABLE I

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

CASE WHEN WAVELENGTH CONVERSION ALLOWS USE OF FEWER WAVELENGTH.
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No. of No. of Wavelengths"_^a`:bKc
Demands(D) No-WCTypeI No-WC TypeII With-WC

50y 16 13 14

100 30 24 23

150y 42 33 34

TABLE II

WAVELENGTH REQUIREMENT FOR 100% THROUGHPUT–INCREMENTAL TRAFFIC, WITH PROTECTION. | –

USING WAVELENGTH CONVERSION REQUIRES MORE WAVELENGTHS
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