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AbstractÑ This paper developsa framework to support multiple
protectionstrategiesin optical networks, which is in generalappli-
cable to any connection-orientednetwork. The capacity available
on a link for routing primary and backup connectionsare com-
puted dependingon the protection strategy. The paper also de-
velopsa model for computing service outageand failur e recovery
times for a connectionwhere notiÞcations of failur e location are
broadcastin the network. The effectivenessof employingmultiple
protection strategies is establishedby studying the performance
of thr eenetworks for traf Þc with four typesof protection require-
ment.
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tection,Link protection,Multiple protectionstrategies

I . INTRODUCTION

Opticalnetworksemploying wavelengthdivision multiplex-
ing (WDM) andwavelengthsharingamongmultiple low-rate
trafÞc streamsprovide a scalablebackbonenetwork architec-
ture. Presentday networkshave transmissionspeedsof up to
40 Gbps(OC-768),whereeachwavelengthis sharedby con-
nectionswith much lower capacitylike 155 Mbps (OC-3) or
622 Mbps (OC-12). As optical processingand buffer tech-
nologiesarenot matureenoughto achieve routing individual
packetsin runtime,opticalnetworksof todayandthosein the
nearfutureareexpectedto employ connection-orientedservice
paradigm.In suchbackbonenetworks,themajornetwork op-
erationis to establishconnectionsbetweensource-destination
pairs on-demandand releasethem when a connectionis no
longerneeded.

Resiliency againstlink andnodefailuresis critical in optical
networksdueto thehigh datarates.Protectionschemesguar-
antee100%recoveryby dedicatingresourcesto connectionsin
caseof failure.Restorationschemesdo notdedicateresources,
henceproviding guaranteeson successfulor timely reconÞgu-
rationof aconnectionafterfailureis difÞcult. Hence,protection
schemesarepreferredfor high-prioritytrafÞc; while restoration
schemesareemployedfor low-priority trafÞc.

Connectionestablishmentin an optical network consistsof
two steps:pathselectionandwavelengthassignment. In order
to protectconnectionsfrom link failuresin thenetwork, often
two pathsareassigned:a primary pathon which a connection
is establishedandbackuppathon which a connectionwill be
setupin casethe primary pathfails. We refer to the time du-
ration for which a destinationdoesnot receive datafrom the
sourcedueto thefailureastheserviceoutagetime. We referto
thetimedifferencebetweentheinstantof failureandtheinstant
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at which a destinationstartsto receive dataalongthe backup
pathasthefailure recoverytime.

A setof links mayshareresources,aductor conduitthrough
which they arelaid out, whosefailurewould resultin the fail-
ureof multiple links. SuchfailuresaremodeledasSharedRisk
Link Group(SRLG) failures1. Typically, the objective of the
network operationis to protectconnectionsagainstany SRLG
failure. While therehave beenseveralprotectionstrategiesde-
velopedin the literature(see[1], [2], andreferencestherein),
it is oftenthecasethata work considersonly onekind of pro-
tectionstrategy to be employed in the network. However, the
protectionrequirementsof trafÞc mayvarysigniÞcantlyÐsome
mayrequirefastandguaranteedrecovery, somerequireguaran-
teedrecoverybut cantoleratehigheroutagetime,while others
may requireno protectionat all. Clearly, no singleprotection
strategy can satisfy sucha wide rangeof protectionrequire-
ments,asall of themtrade-off capacityefÞciency with service
outage(or failurerecovery) time. Hence,a network mustsup-
portmultipleprotectionstrategiesfor effectiveoperation.

To the bestof our knowledge,therehasnot beenany work
in the literaturethat implementsmultiple protectionstrategies
in the samenetwork in the context of dynamictrafÞc, where
a protectionstrategy is assignedto a connectionbasedon its
protectionrequirements.However, theconceptof Òquality-of-
protection,Ówhereconnectionsmayrequiredifferentprotection
guaranteeshave beenaddressedin a limited context in the lit-
erature.In [3], theauthorsdevelop the sharedpathprotection
with differentiatedreliability (SPP-DiR)strategy whenconnec-
tionsmayrequirelessthan100%recovery. Thealgorithmde-
velopedby theauthorsassignsa connectionbackuppathsonly
for a subsetof link failures. The numberof link failuresfor
whichbackuppathsareassigneddependsonthereliability level
requiredby theconnection.TheSPP-DiRstrategy was experi-
mentallydemonstratedin the! -network [4]. In [5], theauthors
developaquality-of-protectionframeworkwheretheprotection
requirementof a connectionis speciÞedasthenumberof hops
in thebackuppath.

Therearetwo major issuesinvolved in employing multiple
protectionstrategiesin a network. First, it is essentialto main-
tain link availability informationin a consistentmannersuch
thattheavailablecapacityunderany kind of protectionscheme
maybecomputedeasily. Second,every connectionin thenet-
work mustbe recoveredin exactly oneway, therebyavoiding
any possiblecontentionbetweentwo protectionstrategies to
recover a connection.In orderto overcomethe above two is-

1Single link failuresare specialcasesof SRLG failureswhereeachgroup
containsonelink.
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sues,a framework to supportmultiple protectionstrategies is
required,whereanindividual connectionis protectedusingan
approachthatis best-suitedfor its requirements.

In this paper, we develop a framework to supportmultiple
protectionstrategies,speciÞcally identify a consistentmecha-
nism of maintainingthe availablecapacityinformationacross
thenetwork. In orderto achieveefÞcientutilizationof network
resources,all protectionstrategiesareemployedat the granu-
larity of a connection.Upona failure,thenodesattachedto the
failedlink sendouta failurenotiÞcationmessageindicatingthe
failurelocation.Thenodesin thenetwork independentlyrecon-
Þguretheir switchescorrespondingto thefailurescenario.We
developa methodto computetheserviceoutagetime andfail-
urerecovery time for individual connectionsbasedon thesaid
failurenotiÞcationandrecoverymodel.Weestablishthesignif-
icanceof supportingmultiple protectionstrategiesby compar-
ing the performanceto supportingany oneprotectionstrategy
usingextensivesimulations.

The remainderof the paperis organizedas follows: Sec-
tion II providesa taxonomyof the existing protectionstrate-
gies. SectionIII describesthe network model, information
managementof links andpaths,pathselectionandwavelength
assignment,trafÞc characteristics,andfailure recovery proce-
dure. SectionIV describesthe path selectionprocessunder
differentprotectionstrategy. The computationof serviceout-
agetime andfailurerecovery time of a connectionis described
in SectionV. Theresultsof theperformancestudyon various
protectionstrategiesaredescribedin SectionVI. SectionVII
concludesthepaper.

I I . TAXONOMY OF PROTECTION SCHEMES

Protectionschemesproposedin theliteraturecanbebroadly
classiÞedaspath,link, andsegmentedprotectionschemes.

Path protection. Path protectionschemesrecover from a
failure by re-routingthe connectionsat the source. Path pro-
tectionschemesmaybeclassiÞedinto two categoriesbasedon
whetherthey requirefailure locationinformationor not. If a
backuppathis assignedwithout the preciseknowledgeof the
link failure, then it is referredto as failure-independentpath
protection(FIPP). A connectionis reconÞguredto the same
backuppath underany failure that affects the primary path.
Hence,thebackuppathmustbelink-disjoint with theprimary
path.Figure1 showsanexamplenetworkwhereaprimarycon-
nectionfrom node1 to 4 isestablishedalongthepath1Ð2Ð3Ð4.
UnderFIPP, thebackuppathfor theconnectionis 1Ð5Ð6Ð4.
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Fig. 1. Examplenetwork whereaprimaryconnectionis establishedfrom node
1 to 4 alongthepath1Ð2Ð3Ð4.

FIPPstrategy hastwo major drawbacks. First, the primary
and/orbackuppathlengthsarelongercomparedto failurede-
pendentschemesasthepathshave to belink-disjoint. Second,

FIPPstrategy doesnot work undercertainmultiple failuresas
SRLG-disjointpathsmaynotexist betweentwo nodes.

If a connectionis assignedmorethanonebackuppathde-
pendingonthefailure,thenit is referredto asfailure-dependent
pathprotection(FDPP).For theexampleconsideredin Figure
1, thebackuppathfor every link failure is shown in Figure2.
If theprimarypath(andwavelengthassignment)of theconnec-
tion is valid underany failurescenariothatdoesnot affect the
primarypath,thentheconnectionneednotbereconÞguredun-
dersuchscenarios.A pathprotectionstrategy in whichconnec-
tions arereconÞguredonly whena failure affectsthe primary
pathis referredto asa strict FDPPstrategy [6].

In orderto improve the blockingperformance,connections
maybereconÞguredevenif a failuredoesnotaffect its primary
path.Onesuchapproachis theL+1 protectionstrategy [7]. Un-
der the L+1 strategy, a network is decomposedinto L+1 sub-
graphs,whereL denotesthe numberof links in the network.
Onesub-graphcorrespondsto normaloperationwhile theoth-
erscorrespondto thenetwork undera distinct single-link fail-
urescenario.A connectionthatrequiresprotectionis accepted
only if it canbe accommodatedin eachof the L+1 networks.
Theconnectionis attemptedindependentlyon eachsub-graph,
hencethepath(andwavelengthassignment)assignedto a con-
nectionundera failurescenariothatdoesnot affect its primary
path(thepathin thenetwork with nofailures)maynotbeiden-
tical, thusrequiringa reconÞgurationundersuchfailures.The
abovepathprotectionstrategy is referredto asßexibleFDPPin
thispaper, andmaybeextendedto SRLGfailuresaswell.

Link protection. Link protectionschemesroutea connec-
tion aroundthefailedlink. Re-routingis performedby thenode
connectedto thefailedlink to theneighboringnodeontheorig-
inal path.Sucha protectionmaybeachieved in thenetwork in
a way that is transparentto the sourcenode,except in cases
wherea link connectedto thesourceor destinationfails. Link
protectionmaybeperformedat eitherthegranularityof a Þber
or connection.Link protectionatÞbergranularityassumesthat
every link hasprimary andspareÞbers. The primary Þber is
usedfor routing working connectionswhile the spareÞber is
usedonly whena failure occurs. Link protectionat the Þber
level offersfastrecoveryandrequireslessersignalingcompared
to pathprotectionapproachesaspathprotectionstrategiesop-
erateatconnectiongranularitywhile link protectionoperatesat
Þber granularity. However, the drawbackof switchingat the
Þber level is that the network cannottake advantageof those
connectionsthat maynot requireprotection,asevery connec-
tion routedalonga link is automaticallyprotected.Link pro-
tectionat the connectionlevel offers signiÞcant improvement
whentrafÞc requiresdifferentlevelsof protection[8].

If link protectionis employed independentlyfor every con-
nection,thenthe responsibilityis on theconnectionestablish-
mentprocedureto providea consistentwavelengthassignment
acrosstheprimaryandbackuppaths.Notethatunderlink pro-
tectionstrategy, thebackuppathis obtainedbysimplyreplacing
thefailedlink with thebackuppathof thelink. Thewavelength
assignmentof the connectionon the links not affectedby the
failure remainthesame.We refer to the link protectionat the
granularityof a connectionasConnectionSwitchedLink Pro-
tection(CSLP).
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(a)After link 1Ð2failure (b) After link 2Ð3failure (c) After link 3Ð4failure

Fig. 2. Backuppathsusingfailure dependentpathprotection(FDPP)strategy. For strict FDPP, the primary pathis valid underall otherfailure scenarios. For
ßexible FDPP, a backuppathis providedevenfor failuresthatdo not affect theprimarypath.
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(a)After link 1Ð2failure (b) After link 2Ð3failure (c) After link 3Ð4failure

Fig. 3. BackuppathsusingtheDiversionstrategy.

Segmentedprotection. A trade-off betweenthe recovery
timeandnetwork utilization(or blockingperformance)maybe
achieved by employing segmentedpath protectionstrategies.
In this approach,theprimarypathis dividedinto multiple seg-
mentsandthesegmentsareprotectedindividually. It is worth
notingthat the link protectionandpathprotectionareextreme
casesof segmentedprotectionwheretheformertreatseachlink
asasegmentwhile thelattertreatstheentirepathasasegment.

Segmented protection may be implemented in several
ways[9], [10], oneof whichis to diverttheconnectionfrom the
nodebeforethe failed link directly to thedestination,referred
to asDiversion[11]. Unlike CSLPthatemploys a backuppath
for a failedlink, DiversionÞndsa pathfrom thenodeattached
to thefailedlink to thedestinationof aconnection.Suchapath
maybe identiÞedonly after thearrival of the request.For the
exampleconsideredin Figure1, thebackuppathsobtainedun-
derDiversionareshown in Figure3. It may be observedthat
theDiversionstrategy hasthecharacteristicssimilar to thatof a
path(link) protectionwhenthe failuresarecloseto thesource
(destination).

ResourceSharing. In orderto achieve efÞcientutilization,
multiplexing of resourcesacrossmultiple backuppathsanda
primary pathareemployed. More thanonebackuppathmay
sharearesourceaslongasany failurein thenetwork will cause
at mostoneof thecorrespondingprimarypathsto fail. If a re-
sourceis sharedonly amongbackuppaths,then it is referred
to as backup-backup multiplexing. If a resourceis occupied
by a working connectionandis alsoassignedto oneor more
backuppaths,then it is referredto as primary-backup multi-
plexing. Any failurethatwould requirethesharedresourcefor
establishingabackupconnectionmustleadto thefailureof the
alreadyexisting primary connectionoccupying that resource.
All theprotectionstrategiesdiscussedemploy resourcesharing.

I I I . FRAMEWORK TO SUPPORT MULTIPLE PROTECTION

STRATEGIES

We consideran optical network wherelinks have multiple
Þbers,multiple wavelengthsper Þber, andmultiple time slots
per wavelength. Let N denotethe setof nodesandL denote
thesetof links in thenetwork. Thelinks areassumedto bebi-
directionalwith dedicatedresources(Þbers)for eachdirection.
Let " denotethesetof SharedRisk Link Group(SRLG) fail-
uresin the network. An element! ! " is a subsetof L that
denotesthesetof links thatmayfail dueto a failure in oneor
moresharedresources.

Weassumein thispaper, for sakeof clarity, thatall thenodes
have full groomingcapability. Hence,thecapacityinformation
of a link is presentedasa scalar. If the nodesdo not employ
wavelengthconversion,thentheavailablecapacityinformation
mayberepresentedasa vector. If thenodesemploy heteroge-
neousswitchingarchitectures,thenthecapacityon a link may
bepresentedasamatrix [12].

Thenotationsemployedtocomputepathsusingmultiplepro-
tectionstrategiesareshown in TableI.

A. Availablecapacityona link andpath

Let S! andP! denotethe total capacityandcapacityoccu-
pied by primary connectionson link ", respectively. Let G "

!
denotethecapacityonlink " thatis currentlyoccupiedbywork-
ing connectionsthat would fail in caseof the SRLG failure
! . The capacityusedby the connectionsaffectedby the fail-
urebecomeavailable,which maybeassignedfor backupcon-
nections.Incorporatingthis informationinto pathselectionen-
ablesprimary-backupmultiplexing, oftenreferredto asÒstub-
releaseÓin theliterature.Let B "

! denotethenumberof backup
channelsrequiredon link " in caseof anSRLGfailure! .

A pathin thenetwork, representedasasetof directionallinks
(orderedin the sequenceby which it appearsin the path), is
denotedby P. Theavailablecapacityon a pathis obtainedby
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TABLE I
COMPREHENSIVE L IST OF NOTATIONS WITH COMMENTS EMPLOYED TO COMPUTE PATHS UNDER MULTIPLE PROTECTION STRATEGIES.

Variables Comments

N Setof nodes.
L Setof links.
! An SRLGfailure. (! ! L )
! Setof SRLGfailuresin thenetwork.

P (s, d, ! , { x ! } ) Pathcomputeddynamicallyfrom s to d by removing links in theset! andassigning{ x! } asthecapacityof thelinks.
" Null set.

S! Maximumcapacityon link #.
P! Capacityoccupiedby primaryconnectionson link #.

G"
! Capacitygainedon link #uponfailure ! .

B "
! Capacityreservedfor backupon link # for failure ! .

A ! Availablecapacityon link # to routeprimaryconnection.
A "

! Availablecapacityon link # to routebackupconnectionunderfailure ! " ! .
Z "

! Backuppathfor link #underfailure ! .
X ! Capacityavailableto routeprimaryconnection.
Y "

! Capacityavailableto routebackupconnectionunderfailure ! .

PR Setof nodesandlinks throughwhich theprimarypathof requestR traverses.
P "
R Setof nodesandlinks throughwhich thebackuppathof requestR traversesunderfailure ! .

$R(#) Wavelengthassignmentfor requestR on link #underno failure.
$"
R(#) Wavelengthassignmentfor requestR on link #underfailure ! .
! R Setof failuresunderwhich therequestR will bereconÞguredto its backupconnection.
sR Sourceof requestR .
dR Destinationof requestR .
cR Capacityrequirementof requestR .

combiningtheinformationof thelinks in thepathas:

AP = min
! ! P

A! (1)

If the variablesarevectors,thenthe availablecapacityvector
of the path is computedas the element-wiseminimum of the
availablecapacityof thelinks in thepath.

B. Pathselectionandwavelengthassignment

A pathfrom a nodes to d selectedby disablingasetof links
in a failure set ! with the available capacityon the links as
{ x! } is denotedby P(s, d, ! , { x ! } ). We assumethat thepath
selectionis basedon DijkstraÕs algorithmthatwould selectthe
shortestpath(basedon hop-count)amongthe availablepaths
(pathsthathave sufÞcientcapacityfor routingtheconnection),
referredto asAvailableShortestPath(ASP)[13].

Let R denotea requestfor a connectionfrom sourcesR to
destinationdR for capacitycR . The requestis assigneda pri-
marypathand,if required,oneor morebackuppaths.We refer
to the requestasconnectionif it is accepted.Let PR denote
thesetof links in theprimarypathof theconnection.Thecon-
nectionwill bereconÞguredundera setof failuresdenotedby
" R . For every failure! ! " R , a backuppathis providedfor
therequest.Let P "

R denotethelinks in thebackuppathof the
connectioncorrespondingto thefailure! .

Let #R (") denotethewavelengthassignmentonlink " for the
primarypathof aconnectionand#"

R (") thewavelengthassign-
menton link " underfailure! .

C. TrafÞc requirements

We assumethatrequeststhatarrive in thenetwork have cer-
tain Quality-of-Protection(QoP)requirementsbasedon which
weclassifytherequestsintooneof thefollowing four types.

¥ Type1 ÐGuaranteedprotectionwith lessthan50 msser-
viceoutagetime.

¥ Type 2 Ð Guaranteedprotection with no outage time
requirement;connectionreconÞgurationprobability less
than0.3.

¥ Type3 ÐGuaranteedprotectionwith no outagetime and
reconÞgurationrequirements.

¥ Type4 ÐNo protection(from failuresthat affect the pri-
marypath).

The different trafÞc typesarechosenbasedon the follow-
ing criteria. For voicecalls (Type1) a recovery time of 50 ms
is employed which is derived from the AutomaticProtection
Switching(APS)systems.For datatrafÞc (Type2), theoutage
timerequirementis toostrict,henceis relaxed.However, ahigh
outagetime in the optical layer may leadto severalundesired
reactionsin the electroniclayersabove, henceit is of impor-
tanceto minimizethis effect. Assumethata link in a network
is unavailablefor a few hoursin amonthfor maintenance2, and
the connectionswill have to be reconÞguredto backuppaths
beforemaintenance.A connectionmayhave a requirementof
a certainnumberof suchinstancesit can tolerateover a cer-
tainÞxed periodof time(saya month).Thisvalueis translated
into thenumberof failuresunderwhich theconnectionwill be

2Maintenanceschedulemay be treatedas failureswith known failure time
andduration.
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reconÞgured. A probabilityof 0.3 implies that the numberof
failuresfor which theconnectionwill bereconÞguredmustbe
lessthan0.3 timesthetotal numberof failuresin thenetwork.
Thethird kind of trafÞc (Type3)) is aimedat guaranteednon-
real-timeservice,wherea path is guaranteedbut not the re-
covery time or numberof reconÞgurations.Theseareaimedat
applicationswheredatais requiredto be transferredbut with
no time guarantees(suchasbackingup of systems).Type 4
trafÞc is the lowestpriority anddo not requireany protection
againstlink failuresthataffect its primarypath. However, the
connectionsmaynotbedroppedif thefailuredoesnotaffect its
primarypath.

A requestis assigneda protectionstrategy basedon its QoP
requirements. Basedon our earlier study of the individual
schemes[6], [8], we assignthe protectiontype to the trafÞc
in a staticmanner:Type 1 connectionsareprotectedthrough
link protection;Type2 connectionsby strictFDPP, Type3 con-
nectionsby ßexible FDPP.

D. Failure recovery

A link failure is identiÞedby thenodesattachedto thelink.
Thenodessendout broadcastmessagesindicatingthelocation
of thefailure. Uponreceptionof thefailurenotiÞcation,every
nodereconÞguresits switchescorrespondingto thefailuresce-
nario.Notethatasthenetworkemploysprotection,thepathson
which theconnectionswill beroutedupona failureareknown
apriori.Hence,it is notnecessaryfor thesourcenodeto initiate
a requestfor reconÞguring the connectionto its backuppath.
In addition,we assumethat the failure notiÞcationmessages
are given highestpreference,hencethe delay they encounter
is primarily the propagationdelay(andsomeadditionaldelay
to processthe message).We assumethat the failure notiÞca-
tion messagehasa Þxed length,hencetheprocessingtime for
the messageis assumedto be a constant. The switch recon-
Þgurationtime will dependon thesizeof theswitch,we have
assumedthat all the nodesemploy switchesof the samesize,
hencetheconstantvalue.

Thepropagationdelayis alsoassumedto beconstanton all
links, which is not true in practice. However, if we assume
the propagationdelay to be different for eachlink, then any
performancedifferencethat we might seemay not be clearly
attributed to the kind of protectionscheme. The numberof
calls of type-1 rejecteddependson the recovery time, which
in turndependsonthepropagationdelay. Therefore,thelonger
thepropagationdelayof anend-to-endshortestpath(assuming
mostcalls arelikely routedover theshortestpath),morecalls
of Type-1will berejected.

We assumethat the network stateinformationis up-to-date
at any instantof time. The inter-arrival ratebetweentrafÞc is
long enoughfor thenetwork stateto stabilize. In addition,the
diameterof the network (including the propagationand pro-
cessingdelays)is muchlessthantheinter-arrival timebetween
calls. For example,in the networks considered,we have as-
sumeda propagationdelayof 5 msanda processingdelayof 4
ms. Thediameterof theNSFNETnetwork is 4 hops,thusre-
sultsin a delayof 72ms.Therefore,everynodein thenetwork
would beawareof thenetwork failurein 72 ms(from thetime
at which it is detected).We assumethatany call arrival during

thereconÞgurationprocessmaybeheld in thequeueuntil the
reconÞgurationprocessis completed.

IV. PATH COMPUTATION UNDER MULTIPLE PROTECTION

STRATEGIES

In this section,we describethecomputationof primaryand
backuppathsfor underdifferentprotectionstrategies.Whenthe
networkdoesnothavefailures,thecapacityassignedtoprimary
connectionsonalink isupperboundedby theavailablecapacity
onthelink. Therefore,

P! " S! (2)

Ona failure! , thenetwork will beableto re-assignrequeststo
theirbackupconnectionsif thefollowing conditionis satisÞed:

P! # G"
! + B "

! " S! (3)

Theaboveinequalitymustbeobeyedby any routingandwave-
lengthassignmentschemefor all SRLGfailuresif thenetwork
mustberesilientto any singleSRLGfailure. Fromtheabove,
the availablecapacityon a link whenthereareno failuresis
computedas:

A! = S! # P! (4)

Theavailablecapacityon a link undera failure! is computed
as:

A"
! = S! # P! # B "

! + G"
! (5)

Connectionestablishmentrequiresassignmentof a primary
pathand,if required,oneor morebackuppaths.Let X ! denote
theavailablecapacityon link " to routea primaryconnection.
Let Y "

! denotetheavailablecapacityonlink " to routeabackup
connectionunderfailure! . Dependingon theprotectionstrat-
egy, the computationof resourcesin the network to routepri-
maryandbackupconnectionswill differ.

Thefollowing subsectionsdescribethepathcomputationun-
dereachprotectionstrategy. In orderto presenttheinformation
in a concisemanner, a comprehensive list of availablecapac-
ity andpathcomputationundervariousprotectionstrategiesare
shown in Figure4. Thereadersarerecommendedto referto this
tablefor thecorrespondingprotectionstrategy underconsider-
ation.

A. Failure IndependentPathProtection(FIPP)

FIPPprovidesÞxed primaryandbackuppathsthatarelink-
disjoint.Theconnectionestablishedalongtheprimarypathwill
bereconÞguredto thebackuppathonly whena failureaffects
a link ontheprimarypath.Underany otherfailure,theconnec-
tion will remainunaffected. Hence,the availablecapacityto
routeprimaryconnection(X ! ) mustbeavailablewhenthenet-
work hasno failuresandunderthosefailuresthatdo not affect
the primary path. As the primary path (P R ) is known apri-
ori, thesetof failuresthataffect theprimarypath(" R ) is also
known.

Thecapacityallocatedfor thebackuppathmustbeavailable
only in thosefailuresthat will affect the primary path. Note
thatthebackuppathis thesameunderall failuresthataffectthe
primarypath. In addition,if the wavelengthassignmentmust
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Fig. 4. Comprehensive list of capacityandpathcomputationfor variousprotectionstrategies.

alsobethesameon all the links, thentheavailablecapacityto
routethebackupconnection(Y "

! ) is computedby considering
the availablecapacityunderall the failure scenariosin which
the connectionwill be reconÞgured. Hence,the wavelength
assignmentonthebackuppathneedto becomputedonly once.

A successfulconnectionwouldbeassignedoneprimarypath
and|" R | backuppathssuchthat the backuppath(alongwith
thewavelengthassignment)for all failuresin " R areidentical.
Hence,the maximumnumberof distinct backuppaths(along
with wavelengthassignment)is one.

B. FailureDependentPathProtection(FDPP)

FDPP attemptsto provide multiple backuppaths,one for
eachfailure underwhich the primary pathmay no longerbe
available.While thebackuppathsfor somefailuresmaybethe
same,it is notguaranteedto bethesamefor all failuresthataf-
fect theprimarypath.Theprimarypathfor theconnectionmay
bechosenfrom a setof candidatepathsor computeddynami-
cally. In caseof selectinga pathfrom a setof candidatepaths,
thecomputationof availablecapacityfor routingprimarycon-
nectionis thesameasthatof theFIPPapproach.

Undera network failure, the primary pathof a connection
may not be availablefor two reasons:(1) a failure in the net-
work involvesoneor morelinks on theprimarypath;or (2) a
failurein thenetwork doesnot involveany link on theprimary
path,however the capacityassignedto the connectionon the
primarypathis alsoassignedto thebackuppathsof someother
connectionsthatareaffectedby thefailure. Thelatter requires
reconÞgurationof aconnectionto its backuppathevenif a fail-
uredoesnot affect theprimarypathof theconnection.Sucha
reconÞgurationcanleadto a dominoeffect requiringnetwork-
wide reconÞguration.

Strict FDPP. Under strict FDPP, the connectionsmay be
reconÞguredonly underthosefailuresthat affect the primary
path. Hence,thecapacityassignedto a connectionon thepri-
marypathmustbeavailableunderall failurescenariosthatdoes
not affect the primary path. The computationof the primary

pathrequirestheknowledgeof theavailablecapacityon links
(to computethe shortestavailablepath). The computationof
availablecapacityon a link in turn requiresthe knowledgeof
theprimarypath.To avoid suchamutualdependence,thecom-
putationof the availablecapacityon a link to routea primary
connection(X ! ) iscomputedin aconservativemanner(seeFig-
ure4) by ensuringthatthecapacityis availableunderall failure
scenarios.

Thepathselectionstrategy in thenetwork thenselectsanap-
propriateprimarypathfor theconnection.As theabove com-
putationguaranteesthatthecapacityassignedfor primarypath
is availableunderany failure, the connectionneedsto be re-
conÞguredonly for thosefailuresthataffect theprimarypath.
Hence,thesetof failuresthatleadsto areconÞguration(" R ) is
computedasthosefailuresthataffect theprimarypath.

Flexible FDPP. Recall that the ßexible FDPPapproachis
equivalentof treatingthenetwork asL+1 sub-graphs(onewith
no failureandotherswith onedistinct link failed) [7] andac-
ceptingtherequestonly whenasuccessfulpathandwavelength
assignmentis availablein all thesub-graphs.This approachis
shown to becapacityefÞcient,but requiresa connectionto be
reconÞguredunderaveryhighnumberof failures[6].

A connectionmaybereroutedevenwhena failuredoesnot
affect its primarypath.Hence,thecapacityavailableto routea
primaryconnectionis computedby simply takingthecapacity
availablewhenthenetwork doesnothaveany failures.Clearly,
thecapacityassignedfor theprimarypathmaynotbeavailable
underafailurescenario,hencetheconnectionmustbeprovided
a backuppathfor every SRLG failure in the network. Hence,
the setof failuresfor which a backuppathis computedis the
sameasthesetof failurescenariosin thenetwork.

Irrespective of the way in which the primary path is com-
puted,the backuppath hasto be computedfor every failure
! ! " R . Thebackuppathundera failure ! is computeddy-
namicallyby removing thelinks thatareaffectedby thefailure.
As thebackuppathsmaybecomputedindependentlyfor each
failurescenario,theavailablecapacityonalink to routebackup



7

pathunderfailure! is simplyA "
! .

The pathselectionapproachdescribedabove takes into ac-
countonly thoseconnectionsthatwouldbere-assignedin case
of failure! . Hence,backupmultiplexing (backup-backupand
primary-backup)is inherentto theabovecomputationof avail-
ablecapacityundera failure.

C. ConnectionSwitchedLink Protection(CSLP)

For link protectionat the connectionlevel, a connectionis
re-routedaroundthe failed link. A link " is assumedto have a
backuppathfor every failure! thataffectsit, denotedby Z "

! .
Thewavelengthassignmentonthelinks of theprimarypathnot
affectedby thefailureremainsthesame.Hence,thecapacityto
routeprimaryconnectionon a link is assumedto be available
only whenthebackuppathalsohastherequiredcapacityunder
the failure of the link. The capacityavailableon the backup
pathZ "

! uponfailure! , denotedby R "
! is computedasshown

in Figure4.
A link may have severalbackuppaths,onefor eachfailure

thataffectsthelink. A primaryconnectionroutedalonga link
maybe re-routedto oneof its backuppathsdependingon the
failure.Thecapacitythatis assignedfor primaryconnectionon
link " mustalsobe availablealongall of its backuppathsun-
derthecorrespondingfailure.Therefore,thecapacityavailable
for a routing primary connectionis computedby considering
thecapacityavailablewhenthenetwork doesnothaveany fail-
ures(A! ), availablecapacityon a link underall failurescenar-
ios (A"

! ), andavailabilecapacityonthebackuppathof thelink
underthefailurescenariosaffectingthelink (R "

! ).
We notethat the backuppathfor a link " undera failure !

Z "
! may be computeddynamicallybasedon the network sta-

tus, Z "
! = P(s! , d! , ! , { A"

! } ), by simply not consideringthe
links that are affectedby failure ! and computingthe avail-
ableshortestpathbetweenthenodesconnectedby link ". The
computationof thebackuppathfor a link is independentof the
request,hencemaybeperformedbeforerequestarrival. In this
paper, weassumethatthebackuppathfor a link undera failure
is computedasthe shortestpathunderthe link failure; hence
thebackuppathfor a link undera failuredoesnotchangewith
network trafÞc.

Thebackuppathfor aconnectionundereachfailurescenario
is obtainedbysimplyreplacingthefailedlink by thelinks in the
backupbackuppath.A successfulconnectionhasoneprimary
pathand|" R | backuppaths.

Thewavelengthassignmentonthebackuppathmustbecon-
sistentwith thewavelengthassignmentof theprimarypathstill
intact. As theroutingof primaryconnectionhastakeninto ac-
counttheavailability of backuppaths,a consistentwavelength
assignmenton thebackuppathis guaranteedto exist3.

D. Diversion

Recallthat theDiversionprotectionis similar to thatof link
protection,exceptthattheconnectionis re-routedfromthenode
attachedto the failed link directly to the destination. In link
protectionin whichthelink in theprimarypathof aconnection

3Pathpruningmaybenecessaryto avoid looping in certaincases.

thatarenotaffectedby thefailureremainunaffected.In Diver-
sion, the primary pathfrom the sourceto the nodebeforethe
failed link remainsunaffected,theprimarypathsegmentafter
thefailedlink is notvalid afterthefailure.

As theprimarypathwill bediverteddirectly to thedestina-
tion, a pathfrom everynodeto thedestinationis required.The
diversionpathbetweenevery nodepair may be Þxed or com-
puteddynamically. Thecomputationof diversionpathrequires
theknowledgeof requestdestination,hencemaybeperformed
only afterrequestarrival.

Let " denoteadirectedlink in thegraphands! andd! denote
the sourceanddestinationof the directedlink. Sucha nota-
tion meansa primarypathroutedthroughthedirectionallink "
traversesfrom s! to d! . Let R bea requestrequiringa connec-
tion from sourcesR to destinationdR . Let Y"

! (R) denotethe
diversionpathfor failure ! from link ", which is a pathfrom
nodes! to dR . As thediversionpathwill beusedonly undera
particularfailurescenario,theavailablecapacityonadiversion
path(R"

! ) iscomputedby onlyconsideringthatfailurescenario
asshown in Figure4. Theavailablecapacityon a link to route
primaryconnection(X ! ) is thencomputedsimilar to theCSLP
strategy.

Thebackuppathfor a connectionundera particularfailure
scenariois obtainedby removing thesegmentof thepathfrom
theÞrst failed link to thedestinationandappendingthediver-
sionpathfrom thenodebeforethefailedlink to thedestination.
As theprimarypathcomputationtakesinto accountthe avail-
ability of capacityon backuppath,a backuppathandchannel
assignmentis guaranteedto exist. Thechannelassignmenton
thebackup(diversion)pathmustbeconsistentwith thatof the
primarypathsegmentstill intact.

E. NoProtection

Requeststhat do not requireany protectionneedto be pro-
videdwith only a primarypath.Althoughtherequestdoesnot
requireprotection,a connectionis provided that may not be
removed unlessa link in its primary pathfails. The available
capacityon a link to routetheprimaryconnectionis computed
similar to the strict FDPPstrategy. The capacityoccupiedby
the primary connectionwould be releasedwhenever a failure
affectstheprimarypath.For thatreason,thesetof failuresun-
derwhich a reconÞgurationis necessary(" R ) is computedas
thosefailuresthataffect theprimarypath. As theconnections
donotneedprotection,nobackuppathsareassignedfor any of
thefailures(P "

R = $, $! ! " R ). Whena failure! ! " R

occurs,thecapacityassignedto theconnectionwill bereleased.

F. Connectionestablishmentandrelease

We assumethat the network is managedthrougha central-
ized control, or equivalently, the network employs link state
protocolwhereevery nodehasup-to-datenetwork stateinfor-
mation. The proceduresfor connectionestablishmentandre-
leaseis shown in Figure5 whenthenetwork supportsmultiple
protectionstrategies. Theconnectionestablishmentprocedure
takesasinput thecurrentnetwork statusandrequest.Thepro-
tectionschemefor therequestis staticallydeterminedbasedon
its requirements.The outputof the connectionestablishment
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Connectionestablishmentprocedure
Input:

1) Currentnetwork state.
2) RequestR with a speciÞc protectionrequirement.

Output:
1) PrimarypathPR andwavelengthassignmenton primarypath!R("), ! " " PR.
2) FailuresetΨR.
3) A setof backuppathfor eachfailurein thefailuresetP"

R andwavelengthassignment! "
R("), ! " " P "

R and# " ΨR.
Steps:

1) Updatetheavailablecapacityon eachlink to routeprimaryconnection(X! ).

2) Obtainaprimarypathemploying AvailableShortestPath(ASP)algorithm.Obtaina sub-trunkassignmenton thepathemploying Þrst-Þt
strategy. If a pathor sub-trunkassignmentcannotbeobtainedtherequestis rejected.Go to Step6.

3) Obtainthefailuresetunderwhich a reconÞgurationis required(ΨR).
4) For every # " ΨR, obtaina backuppathandwavelengthassignment.Updatethe availablecapacityon eachlink to routea backup

connectionunderfailure# asY"
! .

• FIPP: It is sufÞcientto computefor onefailurescenarioasthecomputationof Y"
! takesinto accountthecapacityavailability under

all failurescenariosin which theconnectionneedsto bereconÞgured.
• Strict/Flexible FDPP: ComputethebackuppathP "

R = P (sR, dR, # , { A"
! } ).

• CSLP: ConstructthebackuppathP"
R by replacingthelinks affectedby thefailure# with their correspondingbackuppaths.

• Diversion: ConstructthebackuppathP"
R by replacingtheprimarypathfrom thefailedlink with thediversionpath.

• No protection: P "
R = $.

5) Updatelink capacities.
Note: At this juncture,every requesthasbeenassigned:(1) a primarypathPR with wavelengthassignment!R; (2) failuresetΨR; and
(3) asetof backuppaths,P"

R, ! # " ΨR. In orderto updatethelink capacities,it is not necessaryto distinguishwhich failureschemeis
employed.

P! [! R(")] # P! [! R(")] + cR ! " " PR

G"
!

!
! "
R(")

"
# G"

!

!
! "
R(")

"
+ cR ! " " PR and# " ΨR

B "
!

!
! "
R(")

"
# B "

!

!
! "
R(")

"
+ cR ! " " P "

R and# " ΨR

6) Exit.

Connectionreleaseprocedure
Input: RequestR which hasalreadybeenaccepted.
Steps:

1) Updatelink capacities.
P! [! R(")] # P! [! R(")] $ cR ! " " PR

G"
!

!
! "
R(")

"
# G"

!

!
! "
R(")

"
$ cR ! " " PR and# " ΨR

B "
!

!
! "
R(")

"
# B "

!

!
! "
R(")

"
$ cR ! " " P "

R and# " ΨR

Fig. 5. Genericconnectionestablishment/releaseprocedure.

procedureis to provide a primary pathandbackuppath(s),if
necessary, alongwith wavelengthassignment.

TheconnectionestablishmentprocedureinvolvesÞve major
steps.At theendof Step4, theconnectionis assignedaprimary
pathanda setof backuppathsdependingon theprotectionre-
quirement. Oncethe primary andbackuppathsareobtained,
thecapacitieson the links areupdated.It is worth noting that
theway in which thelink capacitiesaremaintainedallows dif-
ferentprotectionstrategiestobeemployedin thesamenetwork.
Theconnectionreleaseprocedureissimilarto theStep5of con-
nectionestablishment,except that the capacitiesare released
insteadof beingassigned.

V. COMPUTATION OF SERVICE OUTAGE AND FAILURE

RECOVERY TIMES

In this section,we computethe serviceoutageand failure
recovery timesfor a connectionundersingle link failure sce-
nario. The timing calculationsareperformedwith the failure
instantasthereference.Thenotationsemployedin computing
theserviceoutagetime is shown in TableII.

Uponalink failure,thenodesconnectedto thefailedlink de-
tectthefailure.Thefailureis assumedto bedetecteddueto the
lossof a periodicÒHelloÓpacketsexchangedover the control
channelfor a pre-speciÞed duration,hencethe time required
to detecta failure is assumedto be a constant,denotedby %.
Upondetectingthefailure,thenodesbroadcasta failurenotiÞ-
cationmessage.Thesumof the time requiredfor thenodeto
prepareandtransmita packet on a link andthetime to process
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thepacket by thenodeon theotherendof a link is referredto
astheelectronicoverheadtime,denotedby &. If ' ! denotesthe
propagationdelayonlink ", then' ! + &denotesthedelayexpe-
riencedby a failurenotiÞcationmessageon thelink. Notethat
asthe failure notiÞcationmessagewill be convertedfrom the
optical to electronicdomainfor processingat every node,this
delaymaybea signiÞcantfactorin somenetworks.

Let n! (! ) and n"
! (! ) denotetwo nodesconnectedto the

failed link correspondingto failure ! . The nodesattachedto
the failed link broadcastfailure notiÞcationindependently. A
noden will beawareof thefailurefromthemessagethatarrives
Þrst. Thetimeto getthenotiÞcationof failure! atnoden from
theinstantatwhichfailureoccurredin thenetwork,denotedby
T "

n , iscomputedasshown in Equation6. ThisnotiÞcationtime
includesthetime to detectthefailure(%) andtheminimumof
thepropagationdelayfrom thenodesattachedto thefailedlink
to noden in thenetwork afterremoving thefailedlink.

The nodesstart to reconÞguretheir switcheswhenthey re-
ceive the notiÞcation. The worst-casetime to reconÞgurethe
switchesat a nodeis assumedto be ( . The time at which the
reconÞgurationwill becompletedat noden for failure ! , de-
notedby R"

n , is computedasshown in Equation7.
Considera connectionestablishedfor a requestR anda sin-

gle link failure ! . Let z"
R denotetheÞrst nodein theprimary

path suchthat no link in the primary pathsegmentfrom z "
R

to the destinationis affectedby failure ! . The segmentfrom
z"

R to the destinationis deÞnedas the last survivingsegment
of theprimary path. Similarly, the longestsegmentof thepri-
marypathstartingfrom thesourcethatdoesnothaveany failed
links is referredto astheÞrst survivingsegmentof theprimary
path. If a failure doesnot affect the primarypath,thenz "

R is
thesourcenode.

Thenodesat which thereconÞgurationstartsandendsfor a
connectiondependson theprotectionstrategy. Let x "

R andy"
R

denotethe nodesat which the reconÞgurationstartsandends,
respectively. The illustration of x "

R , y"
R , andz"

R for various
protectionschemesis shown in Figure6. The above nomen-
clatureis applicableto a variety of protectionstrategies(link
protection,pathprotection,segmentedprotection[14]).

Whena link fails in theprimarypath,thedestinationcontin-
uesto receive theinformationthatis still in propagationon the
last surviving segment. We Þrst computethe latesttime until
whenthe destinationcontinuesto receive informationsenton
the primary path. Let L "

R (n) denotethe latest crossingtime
deÞnedasthelatestwhentheinformationof theconnectionR
crossesnoden, wheren is anodein thelastsurviving segment
of the primary path. Similarly, let F "

R (n) denotethe earliest
crossingtimedeÞnedastheearliesttime whentheinformation
of theconnectioncrossesnoden in its backuppathfor failure
! . Thefailurerecoverytime of theconnectionunderfailure! ,
denotedby T "

R is computedasshown in Equation10.
A noden startsto reconÞgureits switchassoonasit receives

the failure notiÞcation message. A node in the last surviv-
ing segmentmayreceive thefailurenotiÞcationmessageeither
alongthe last surviving segmentitself (if that is shortestpath)
or alongadifferentpath.If thelatestcrossingtimeat theimme-
diatepredecessornodeof n ontheprimarypath[Pred(n, P R )]
is time t andthe propagationdelayon the link connectingthe

nodesn andPred(n, PR ) is ' ! , thenthelatestcrossingtimeat
noden is given by t + ' ! if thenoden hasnot alreadystarted
its switchreconÞguration.Otherwise,it is given by T "

n . There-
fore, the minimum of the above two times deÞnesthe latest
crossingtime at noden, i.e. L "

R (n) = min(T "
n , t + ' ! ). The

recursive way of computingthe latestcrossingtime at a node
in the last surviving segmentof the primary pathis shown in
Equation8.

Whena failureaffectstheprimarypathof a connection,the
informationthat just crossedover failure point is the last bit
of informationthat hasthe potentialto reachthe destination.
Hence,thestartingpoint for computingtheabovetime is taken
as0 (thefailureinstant)if thefailureaffectstheprimarypath4.
However, in ßexible FDPPprotection,a connectionmaybere-
conÞguredeven if a failure doesnot affect the primary path.
In suchcases,thesourcecontinuesto transmiton theprimary
pathuntil it receives a failurenotiÞcationmessage.Therefore,
thelatestcrossingtime at thesourceis T "

s .
After receiving a failure notiÞcation,a noden startsto re-

conÞgureits switchesandcompletesit by time R "
n . The in-

formationof theconnectionsentalongthebackuppathcannot
crossthenoden until thereconÞgurationis complete.If t de-
notesthe earliestcrossingtime of the immediatepredecessor
nodeof n on the backuppathand' ! denotesthe propagation
delayof thelink connectingthenodeandits predecessoronthe
backuppath,thentheearliestcrossingtime at noden is given
by t + ' ! if noden hasalreadycompletedits reconÞguration
by thattime. Otherwise,theearliestcrossingtime at noden is
given by R"

n . Themaximumof theabovetwo timesdeÞnesthe
earliestcrossingtimeatnoden, i.e. F "

R (n) = max(R"
n , t+ ' ! ).

ThereconÞgurationbeginsatnodex "
R andtheearliestcrossing

timeat thisnodeis is R"
n , wheren = x"

R . Therecursiveway of
computingtheearliestcrossingtime of theconnectionthrough
n in its backuppathis shown in Equation9.

The differencebetweenthe Þrst crossingtime and the last
crossingtime at thenodewherethereconÞgurationendsgives
theserviceoutagetime,while theÞrstcrossingtimeat thenode
wherethe reconÞgurationendsgives the failure recovery time
for theconnection.

VI . PERFORMANCE EVALUATION

Theperformanceevaluationof theCSLP, Strict FDPP, Flex-
ible FDPP, andMIXED protectionstrategiesarecarriedout on
threereal-lifenetworksasshown in Figure7. Thelinks in these
networksareassumedto haveapropagationdelayof 5 ms,with
4 ms delayfor electronicprocessingat eachnode,4 ms delay
for detectinga failedlink, 20msfor reconÞguringtheswitches
atanode.Althoughtheassumptionof uniformpropagationde-
lay maynot reßectthatof thecorrespondingreal-lifenetworks,
thegenericconclusionsthatarederived from theperformance
resultsarestill valid.

Every link in thenetwork employs two unidirectionalÞbers
each128 channelsper link (in eachdirection). All the nodes

4Whena link fails, theinformationafterthefailurepoint in thelink maystill
continueto propagateto thenext node.Thepropagationdelayfrom thefailure
point to the Þrst nodeof the last surviving segmentis not taken into account
here.
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R

(c) FIPP, StrictandFlexible FDPP (d) Flexible FDPP
(failureaffectsprimarypath) (failuredoesnotaffectprimarypath)

Fig. 6. Illustrationof x"
R, y"

R, andz"
R for variousprotectionstrategies.

TABLE II
COMPREHENSIVE L IST OF NOTATIONS EMPLOYED IN SERVICE OUTAGE TIME COMPUTATION WITH COMMENTS.

Variables Comments

% Timeto detecta singlelink failure.
& SwitchreconÞgurationtime at a node.
' Electronicoverheadtime in transmittingandreceiving a failurenotiÞcationmessage.

" " (n1, n2; { x ! } ) Costof theleast-costpathfrom n1 to n2 with { x! } asthecostmetric for links underfailure ! .
" P (n1, n2; { x ! } ) Costof thesegmentfrom n1 to n2 on pathP with { x! } asthecostmetric for links.

P r ed(n, P ) Immediatepredecessorof noden on pathP .

T "
n Time takenfor noden to receive thefailurenotiÞcationof failure ! sincetheinstantof failure.

R"
n Time to ÞnishreconÞgurationat noden from theinstantof failure ! .

( ! Propagationdelayon link #.

x"
R Nodeat which therequestR is re-routedfor failure ! .

y"
R Nodeat which thereconÞguredsegmentof requestR for failure ! joins theprimarypath.

z"
R First nodein theprimarypathsuchthatno link in thepathsegmentzR(! ) to thedestinationis affectedby failure ! .

L "
R(n) Latesttime by which connectionR cancrossnoden in its primarypathafter failure ! .

F "
R(n) Earliesttime by which connectionR cancrossnoden in its backuppathafter failure ! .

O"
R Outagetime for requestR underfailure ! .

T "
n = %+ min[# " (n! (! ), n; { ' ! + &} ), # " (n"

! (! ), n; { ' ! + &} )] (6)

R"
n = T "

n + ( (7)

L "
R (n) =

#
$$$$%

$$$$&

min[T "
n , L "

R (Pred(n, PR )) + # P R (Pred(n, PR ), n; { ' ! } )] if n %= z"
R

Tn (! ) if n = z"
R and! & PR = $

0 otherwise

(8)

F "
R (n) =

#
$%

$&

max[R"
n , F "

R (Pred(n, P"
R )) + # P !

R
(Pred(n, P"

R ), n; { ' ! } )] if n %= x"
R

R"
n if n = x"

R

(9)

O"
R = F "

R (y"
R ) # L "

R (y"
R ) (10)

in the network are assumedto be full-grooming nodes. The
network is assumedto have only single link failures. Due to
the single link failure assumption,FIPP is not consideredfor
performanceevaluationas they are known to perform worse
thanFDPPschemes.Everylink is providedwith aÞxedbackup

pathover whichall theconnectionsroutedthroughthelink will
bereconÞguredupona failure.

The networks employ available shortest path algorithm
(ASP) [13] andÞrst-Þt wavelengthassignmentfor all thecon-
sideredprotectionmethodologies.The availableshortestpath
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Fig. 7. Network topologiesconsideredfor performanceevaluation.

algorithmcomputesthe shortestpathamongthosepathsthat
havesufÞcientresourcesfor connectionestablishment.

Requestarrival follows a Poissonprocesswith rate ) and
haveanexponentialholdingtimewith unitmean.Everyrequest
hasonechannelcapacityrequirement.Thesourceanddestina-
tion of arequestis assumedto beequallylikely amongall node
pair combinations5. In addition,a connectionhascertainfail-
ureoutagetimerequirementsasmentionedin SectionIII-C and
a connectionis assigneda protectionstrategy basedon there-
quirement.Thesimulationsareperformedin Þve roundswith
10,000requestsperround.Theaverageof thevaluesobtained
over theseÞveroundsarepresentedin this paper.

A. Serviceoutagetimeestimationfor differentnetworks

In order to get an estimateof the serviceoutagetime of
a connectionundereachprotectionstrategy, the networks are
Þrst simulatedindependentlyfor eachprotectionstrategy. The
worst-caseserviceoutagetime for aconnectionis computedas
themaximumoutagetime amongall the failuresunderwhich
the connectionwould be reconÞgured. The averageandstan-
darddeviation of the worst-caseoutagetime of a connection
for variousprotectionstrategiesareshown in TableIII.

TheoutagetimeunderßexibleFDPPis generallythehighest.
Strictandßexible FDPPschemesarepathprotectionstrategies,
hencetheiroutagetimesarehigherthanthatof CSLP. Theout-
agetimeundertheDiversionstrategy fallsbetweenthelink and
pathprotectionstrategies. Theoutagetimesfor ßexible FDPP
is higherthanstrict FDPPastheconnectionwill have to bere-
conÞguredevenunderfailuresthatdoesnot affect theprimary
path. Flexible FDPPschemeis known to enforcereconÞgura-
tion in morefailuresthanStrict FDPP. TableIV shows theav-
eragelengthof primaryandbackuppathsalongwith thenum-
berof reconÞgurationsfor network loadat which theblocking
probability is of theorderof 10# 3 # 10# 2. The total number
of failuresis the sameasthe numberof links in the network.
The numberof reconÞgurationsfor a connectionunderßexi-
ble FDPPis the highest,despiteits low primary path length.
For example,a connectionestablishedin anNSFNETnetwork
will requirereconÞgurationin anaverageof 15.9link failures

5Under non-uniformtrafÞc, it is often difÞcult to quantify if a certainob-
servation in the network is the effect of the given protectionstrategy or non-
uniform trafÞc. Hence,theuniform trafÞc assumption.

amongthe22 link failures.For CSLP, Strict FDPP, andDiver-
sionstrategies,aconnectionis not reconÞguredunlessa link in
its primarypathfails, hencetheaveragenumberof reconÞgu-
rationsis thesameastheaverageprimarypathlength.

Theaverageoutagetimesof Strict FDPPandFlexible FDPP
arehigher thanCSLP by 4% and6% for NSFNET network;
14.71%and16.76%for ARPANET network; 45.5%and44.1%
for theItaliannetwork. TheNSFNETandARPANET havelow
connectivity, hencethe outagetimesunderCSLPis higheras
theaveragebackuppathlengthfor a link is signiÞcantlyhigher.
This propertycanbe observed in TableIV wherethe average
backuppath length with CSLP is higher than that of FDPP
schemes.Hence,for thesetwo networks,CSLPdoesnot offer
signiÞcantadvantagesin termsof outagetimes. In the Italian
network, the outagetime of CSLPis signiÞcantly lower com-
paredto FDPPschemes.This is becausethenodedegreein the
Italian network is 4.3125,higherthanthat of NSFNET(3.14)
andARPANET (3.2)networks.Thehighernodedegreeallows
shorterbackuppaths,therebyreducingtheaverageandstandard
deviationof recoverytimesin link protectionstrategy.

From earlier studies[6], [8], it is observed that Flexible
FDPPhasthebestcapacityutilizationfollowedby StrictFDPP,
while CSLP performsthe worst. Hence,in networks where
thereis nosigniÞcantdifferencein outagetimesbetweenCSLP
andFDPPapproaches,FDPP(strict or ßexible) is expectedto
performbetterthanCSLP.

B. PerformanceundermixedtrafÞc

The performanceof employing any one particulartype of
protectionstrategy (CSLP, strict FDPP, ßexible FDPP, or Di-
version)for all protectedtrafÞc versusemploying mixed pro-
tectionstrategiesdependingon the connectionrequirementis
studied.In all thecases,thenetworksstill supportunprotected
trafÞc anddoesnotprovideany backuppathsfor them.

We assumethat all four typesof call requestsare equally
likely. Networksthatemploy only onekind of protectionstrat-
egy attemptto satisfyall the requestsusingthatstrategy. The
connectionsarerejectedif theoutagetimerequirementor num-
berof reconÞgurationrequirementcannotbesatisÞed.

Performance metrics. The performanceof the protection
strategiesarestudiedthroughtwo metrics:(1) blockingproba-
bility; and(2)weightednetworkutilization.Theblockingprob-
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TABLE III
AVERAGE AND STANDARD DEVIATION OF OUTAGE TIMES.
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TABLE IV
AVERAGE PRIMARY AND BACKUP PATH LENGTHS WITH AVERAGE NUMBER OF RECONFIGURATIONS FOR A CONNECTION.
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ability is computedfor individual trafÞc types,in additionto
the overall, asthe ratio of the numberof requestsrejected(of
a particulartype) to the numberof requestsreceived (of that
particulartype). Theeffective network utilization is computed
as follows. A requestR for capacitycR that is routedalong
a pathwith a hoplengthof H utilizescR ' H capacityin the
network. However, its effective utilization is only cR ' Hs,
whereH s is the shortestpath lengthbetweenthe sourceand
destinationof theconnection.Theeffectivenetwork utilization
at any giveninstantof time is thencomputedasthesumof the
effectiveutilizationof all requestsrunningin thenetworkatthat
time normalizedto the total network capacity, |L | ' C, where
C denotesthe numberof channelsin a link. It is to be noted
that the effective utilization is computedover the acceptedre-
questsonly, while theofferedloadis computedastheeffective
networkutilizationover all requests.Theweightednetworkuti-
lizationis computedasaweightedsumof theeffectivenetwork
utilization dueto eachtrafÞc typeat any giveninstantof time.
Let %i denotetheweightassociatedwith trafÞc typei . We em-
ployedtwo differentcostmodelswhichwequantifyby theratio
%1 : %2 : %3 : %4: (1) 4 : 3 : 2 : 1; and(2) 2 : 1.66 : 1.33 : 1.
For example,theformerimpliesthatif thenetwork chargesone
dollar perhopfor a connectionof type4 (unprotectedconnec-
tion), it chargesfour dollarsperhopfor connectionof type1.

Results and Discussion. Figures8, 9, and 10 show the
weightednetwork utilization at any instantof time underthe
two costmodelsandthe blockingprobability for thedifferent
typesof callsfor theNSFNET, ARPANET, andItaliannetwork,
respectively.

For the NSFNET and ARPANET networks, the overall
blockingprobability[Figs. 8(a)and9(a)] is high asno scheme
canguaranteetherequirementof mostof theType-1calls[Figs.
8(c) and 9(c)]. Calls with outagetime greaterthan 50 ms
accountfor approximately20% of the total trafÞc, henceare
blockedby mostapproaches.TheItalian network [Figs. 10(a)
and(c)] showsadifferenttrend.While strictFDPPrejectsmost
of theType-1requests,ßexibleFDPPrejectsmostof theType-2
andType-1requests.This is expecteddueto theaverageout-

agetimesfor strict andßexible FDPPbeinghigherthan50ms,
andthenumberof reconÞgurationsunderßexibleFDPPismore
than0.3 timesthe total numberof failures. It is observedthat
theoverall blockingperformanceof MIXED strategy is better
thanCSLP as the former usesa combinationof strategies to
optimizeutilization.

Theblockingperformanceof Type-2trafÞc [Figs. 8(d),9(d),
and10(d)] shows a similar trendacrossall networks: (1) ßex-
ible FDPPperformsthe worst dueto its inherentcharacteris-
tic of high reconÞgurations;and(2) CSLP performingworse
than strict FDPPand MIXED strategies due to excessive re-
sourceutilizationthatis commontoany link protectionscheme.
Theblockingperformanceof Type-3andType-4requests[Figs.
8(e)-(f), 9(e)-(f), and10(e)-(f)] dependon the performanceof
a givenstrategy for Type-1andType-2trafÞc. In general,if a
particularstrategy rejecteda higherpercentageof trafÞc with
morerequirements,it acceptsmoretrafÞc with lesserrequire-
ments.Thesetrendsaremoreprominentin theItalian network
asthereis acleardistinctionin theoutagetimesof link andpath
protectionstrategies.

Theweightednetworkutilizationat anyinstantof timeunder
the MIXED strategy is the highestfor all the networksunder
boththecostmodelsconsidered[Figs. 8(a-b),9(a-b),and10(a-
b)]. TheDiversion strategy performsas goodas the MIXED
strategyfor NSFNETandARPANETnetworks.TheItalian Net-
work inherentlyfavors Type-1calls dueto its rich connectivity,
unlike theNSFNETandARPANETnetworks.Therefore, CSLP
performsbetterthanFDPPschemesin thisnetwork.AstheDi-
versionstrategy mimicslink andpathprotectionstrategiesde-
pendingon thefailure location,itÕs performanceis worsethan
theCSLPapproach.

Thesparseconnectivity of NSFNETandARPANET results
in longerbackuplengths,henceleadsto a rejectionof a high
percentageof Type-1calls. Theremainingcallssimply require
a protectionagainstany singlelink failurefor which it is well-
known that pathprotectionstrategiesperformbetterthanlink
protectionstrategies. Therefore,for NSFNETandARPANET,
FDPP schemesachieve higher weightednetwork utilization
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Fig. 8. Performanceresultsfor NSFNETnetwork.
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Fig. 9. Performanceresultsfor ARPANET network.

comparedto theCSLPstrategy. In bothscenarios,we observe
that the MIXED strategy performsthe best,thusdemonstrat-
ing theability to adaptto thenetwork characteristics.We also
observe that the improvementin theweightednetwork utiliza-
tion is signiÞcantif the ratio of weightsfrom theType-1calls
to the othersis higher. Fromtheexperimentalresults,we can
thusconcludesupportingmultiple protectionstrategies is ad-
vantageousin thenetwork thatit allowsfor suitableassignment
of protectionstrategiesto connectionsbasedon their recovery
requirements.

VI I . CONCLUSION

Thispaperdevelopsa framework to supportmultipleprotec-
tion strategies in optical networks, which is in generalappli-
cableto any connection-orientednetwork. Thecapacityavail-
ableon a link for routingprimaryandbackupconnectionsare
computeddependingon theprotectionstrategy. Thepaperalso
developsa modelfor computingtheserviceoutageandfailure
recovery times for a connectionwherenotiÞcationsof failure
locationarebroadcastin thenetwork. Theeffectivenessof em-
ploying multiple protectionstrategiesis establishedby consid-
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Fig. 10. Performanceresultsfor theItalian network.

eringfour kindsof trafÞc on threenetworks.
In networks where the serviceoutagetime for a connec-

tion doesnot vary signiÞcantlyunderpathprotectionandlink
protectionstrategies,pathprotectionstrategiesperformbetter
dueto betterresourceutilization. The advantagesof employ-
ing multipleprotectionstrategiesis signiÞcantin networksthat
have a largedifferencein theoutagetimesofferedby link and
pathprotectionstrategies. The studyconductedin this paper
selectsa protectionstrategy in a staticmannerbasedon there-
quirementof theconnection.As pathprotectionstrategiesare
known to bemorecapacityefÞcientthanlink protectionstrate-
gies,connectionestablishmentstrategy thatÞrst attemptspath
protectionand thenattemptinglink protectionstrategy, if the
outagetime requirementscannotbetolerated,mayoffer better
performancecomparedto staticschemes.
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