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Abstractl This paper developsa framework to support multiple
protection strategiesin optical networks, which isin generalappli-
cableto 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 notibcations of failur e location are
broadcastin the network. The effectivenessof employing multiple
protection strategiesis establishedby studying the performance
of thr eenetworks for traf bc with four typesof protectionrequire-
ment.
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|. INTRODUCTION

Optical networks emplogying wavelengthdivision multiplex-
ing (WDM) andwavelengthsharingamongmultiple low-rate
trafbc streamsprovide a scalablebackbonenetwork architec-
ture. Presentday networks have transmissiorspeedsf up to
40 Gbps(OC-768),whereeachwavelengthis sharedby con-
nectionswith muchlower capacitylike 155 Mbps (OC-3) or
622 Mbps (OC-12). As optical processingand buffer tech-
nologiesare not matureenoughto achieve routing individual
pacletsin runtime,optical networks of todayandthosein the
nearfutureareexpectedo emplgy connection-orientegervice
paradigm.In suchbackbonenetworks, the major network op-
erationis to establishconnectiondetweensource-destination
pairs on-demandand releasethem when a connectionis no
longerneeded.

Resilieny againsiink andnodefailuresis critical in optical
networks dueto the high datarates. Protectionschemeguar
anteel00%recovery by dedicatingresource$o connectionsn
caseof failure. Restoation schemeslo notdedicateresources,
henceproviding guaranteesn successfubr timely recorpgu-
rationof aconnectiorafterfailureis difbcult. Hence protection
schemesarepreferredor high-prioritytrafoc; while restoration
schemesireemployedfor low-priority trafc.

Connectionestablishmenin an optical network consistsof
two steps:pathselectionandwavelengthassignmentin order
to protectconnectiongrom link failuresin the network, often
two pathsareassigneda primary pathon which a connection
is establishedaind badkup pathon which a connectiorwill be
setupin casethe primary pathfails. We referto the time du-
ration for which a destinationdoesnot receve datafrom the
sourcedueto thefailureastheserviceoutege time. We referto
thetime differencebetweertheinstantof failureandtheinstant
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at which a destinationstartsto receve dataalongthe backup
pathasthefailure recoserytime

A setof links mayshareresourcesa ductor conduitthrough
which they arelaid out, whosefailure would resultin the fail-
ureof multiplelinks. SuchfailuresaremodeledasSharedRisk
Link Group (SRLG)failures. Typically, the objective of the
network operationis to protectconnectionsagainstary SRLG
failure. While therehave beenseveral protectionstratgiesde-
velopedin the literature(see[1], [2], andreferencesherein),
it is oftenthe casethata work considersonly onekind of pro-
tectionstratgyy to be employedin the network. However, the
protectiorrequirementsf trafibc mayvary signibcantlybsome
mayrequirefastandguaranteedecovery, somerequireguaran-
teedrecovery but cantoleratehigheroutagetime, while others
may requireno protectionat all. Clearly, no single protection
stratgyy can satisfy sucha wide rangeof protectionrequire-
ments,asall of themtrade-of capacityefbcieng with service
outage(or failurerecovery)time. Hence,a network mustsup-
portmultiple protectionstrategiesfor effective operation.

To the bestof our knowledge,therehasnot beenarny work
in the literaturethatimplementsmultiple protectionstrateies
in the samenetwork in the contet of dynamictrafbc, where
a protectionstratgy is assignedo a connectionbasedon its
protectionrequirements However, the conceptof Oquality-of-
protectionQwhereconnectionsnayrequiredifferentprotection
guaranteebave beenaddresseth a limited contet in the lit-
erature.In [3], the authorsdevelopthe sharedpath protection
with differentiatedeliability (SPP-DiR)stratgyy whenconnec-
tionsmayrequirelessthan100%recovery. The algorithmde-
velopedby the authorsassignsa connectiorbackuppathsonly
for a subsetof link failures. The numberof link failuresfor
whichbackuppathsareassignediependsnthereliability level
requiredby the connection.The SPP-DiRstrat@y was experi-
mentallydemonstrateth the! -network[4]. In [5], theauthors
developaquality-of-protectiorframenork wheretheprotection
requiremenbf a connectioris spechedasthe numberof hops
in thebackuppath.

Therearetwo majorissuesinvolvedin emplo/ing multiple
protectionstratgiesin anetwork. First, it is essentiato main-
tain link availability informationin a consistenimannersuch
thatthe availablecapacityunderary kind of protectionscheme
may be computedeasily Secondgvery connectionin the net-
work mustbe recoveredin exactly oneway, therebyavoiding
ary possiblecontentionbetweentwo protectionstratgies to
recover a connection.In orderto overcomethe above two is-

1Singlelink failuresare specialcasesof SRLG failures where eachgroup
containsonelink.



sues,a framework to supportmultiple protectionstratgiesis
required whereanindividual connectionis protectedusingan
approachhatis best-suitedor its requirements.

In this paper we develop a framevork to supportmultiple
protectionstratgies, specbcally identify a consistenimecha-
nism of maintainingthe available capacityinformationacross
thenetwork. In orderto achieve eflbcientutilization of network
resourcesall protectionstratgiesare employed at the granu-
larity of a connectionUponafailure,thenodesattachedo the
failedlink sendoutafailurenotibcationmessagéndicatingthe
failurelocation. Thenodedn thenetwork independentlyecon-
Pguretheir switchescorrespondingo the failure scenario.We
developa methodto computethe serviceoutagetime andfail-
urerecovery time for individual connectiondasedon the said
failurenotibcationandrecorerymodel.We establistthesignif-
icanceof supportingmultiple protectionstratgiesby compar
ing the performanceo supportingany oneprotectionstratey
usingextensve simulations.

The remainderof the paperis organizedas follows: Sec-
tion Il providesa taxonomyof the existing protectionstrate-
gies. Sectionlll describesthe network model, information
managemernf links andpaths pathselectionandwavelength
assignmenttrafbc characteristicsandfailure recovery proce-
dure. SectionlV describeghe path selectionprocessunder
differentprotectionstratgyy. The computationof serviceout-
agetime andfailurerecoverytime of a connectioris described
in SectionV. Theresultsof the performancestudyon various
protectionstratgies are describedn SectionVI. SectionVII
concludeghepaper

Il. TAXONOMY OF PROTECTION SCHEMES

Protectionschemegroposedn theliteraturecanbebroadly
classbedaspath,link, andsegmentedbrotectionschemes.

Path protection. Path protectionschemegecover from a
failure by re-routingthe connectionsat the source. Path pro-
tectionschemesnay be classbedinto two cateyoriesbasecn
whetherthey requirefailure locationinformationor not. If a
backuppathis assignedvithout the preciseknowledgeof the
link failure, thenit is referredto asfailure-independenpath
protection (FIPP). A connectionis recorPguredto the same
backuppath underary failure that affects the primary path.
Hence the backuppathmustbe link-disjoint with the primary
path.Figurel shovs anexamplenetwork whereaprimarycon-
nectionfromnodel to 4 is establishe@dlongthe path1D2D3b4.
UnderFIPR the backuppathfor the connectioris 1D5D6D4.
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Fig.1. Examplenetwork whereaprimaryconnectioris establishedrom node
1to 4 alongthe path1D2D3b4.

FIPP stratgyy hastwo major dravbacks. First, the primary
and/orbackuppathlengthsarelongercomparedo failure de-
pendenschemessthe pathshave to be link-disjoint. Second,

FIPP strategy doesnot work undercertainmultiple failuresas
SRLG-disjointpathsmaynot exist betweertwo nodes.

If a connectionis assignednorethanonebackuppathde-
pendingonthefailure,thenit is referredto asfailure-dependent
path protection(FDPP).For the exampleconsideredn Figure
1, the backuppathfor every link failureis showvn in Figure2.
If theprimarypath(andwavelengthassignmentdf theconnec-
tion is valid underary failure scenariathat doesnot affect the
primarypath,thenthe connectiomeednot berecorPguredun-
dersuchscenariosA pathprotectionstratgy in whichconnec-
tions arerecoribguredonly whena failure affectsthe primary
pathis referredto asastrict FDPP strateyy [6].

In orderto improve the blocking performanceconnections
mayberecorpguredevenif afailuredoesnotaffectits primary
path.Onesuchapproachs theL+1 protectionstratey[7]. Un-
derthe L+1 stratgy, a network is decomposedhto L+1 sub-
graphs,whereL denoteghe numberof links in the network.
Onesub-grapltorrespond$o normaloperationwhile the oth-
erscorrespondo the network undera distinct single-link fail-
urescenarioA connectiorthatrequiresprotectionis accepted
only if it canbe accommodatedh eachof the L+1 networks.
Theconnections attemptedndependentlypn eachsub-graph,
hencethe path(andwavelengthassignmentassignedo a con-
nectionundera failurescenariadhatdoesnot affectits primary
path(the pathin the network with nofailures)maynotbeiden-
tical, thusrequiringa recorPgurationundersuchfailures. The
above pathprotectionstratay is referredto asl3exible FDPPin
this paperandmaybe extendedo SRLGfailuresaswell.

Link protection. Link protectionschemesoutea connec-
tion aroundthefailedlink. Re-routings performedy thenode
connectedo thefailedlink to theneighboringhodeontheorig-
inal path. Sucha protectionmaybe achiezed in the network in
a way thatis transparento the sourcenode, exceptin cases
wherea link connectedo the sourceor destinatiorfails. Link
protectionmay be performedat eitherthe granularityof a bber
or connectionLink protectionat Pbergranularityassumeshat
every link hasprimary and sparebbers. The primary bberis
usedfor routing working connectionswhile the sparebberis
usedonly whena failure occurs. Link protectionat the bPber
level offersfastrecoveryandrequiredessersignalingcompared
to pathprotectionapproacheaspath protectionstrateyiesop-
erateat connectiorgranularitywhile link protectionoperatest
Pber granularity However, the dravback of switching at the
Pber leve is that the network cannottake advantageof those
connectionghat may not requireprotection,as every connec-
tion routedalonga link is automaticallyprotected.Link pro-
tectionat the connectiorlevel offers signipcantimprovement
whentrafbe requiredifferentlevels of protection[8].

If link protectionis employedindependenthfor every con-
nection,thenthe responsibilityis on the connectionestablish-
mentprocedureo provide a consistentvavelengthassignment
acrosghe primaryandbackuppaths.Note thatunderlink pro-
tectionstrategy, thebackuppathis obtainedy simplyreplacing
thefailedlink with thebackuppathof thelink. Thewavelength
assignmenbof the connectionon the links not affectedby the
failure remainthe same.We referto thelink protectionat the
granularityof a connectionas ConnectionSwitdhedLink Pro-
tection(CSLP).
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(a) After link 1B2failure

(b) After link 2b3failure

(c) After link 3b4failure

Fig. 2. Backuppathsusingfailure dependenpathprotection(FDPP)strat@y. For strict FDPR the primary pathis valid underall otherfailure scenaios. For
Rexible FDPR abackuppathis provided even for failuresthatdo not affect the primary path.
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(a) After link 1B2failure
Fig. 3. Backuppathsusingthe Diversionstratey.

Segmentedprotection. A trade-of betweenthe recorery
time andnetwork utilization (or blockingperformanceijnaybe
achieved by employing segmentedpath protectionstratayies.
In this approachthe primary pathis dividedinto multiple seg-
mentsandthe sggmentsare protectedndividually. It is worth
notingthatthelink protectionandpathprotectionareextreme
case®f sggmentedorotectiorwheretheformertreatseachlink
asasegmentwhile thelattertreatstheentirepathasa segment.

Sgymented protection may be implementedin several
ways[9], [10], oneof whichis to diverttheconnectiorfrom the
nodebeforethefailed link directly to the destinationreferred
to asDiversion[11]. Unlike CSLPthatemploys abackuppath
for afailedlink, Diversionbndsa pathfrom the nodeattached
to thefailedlink to thedestinatiorof aconnectionSuchapath
may be identibed only afterthe arrival of the request.For the
exampleconsideredn Figurel, the backuppathsobtainedun-
derDiversionareshown in Figure3. It may be obsenedthat
theDiversionstratgy hasthecharacteristicsimilarto thatof a
path(link) protectionwhenthe failuresarecloseto the source
(destination).

Resource Sharing. In orderto achieve efbcient utilization,
multiplexing of resourcesacrossmultiple backuppathsanda
primary pathare emplo/ed. More than one backuppathmay
sharearesourceaslongasary failurein thenetwork will cause
at mostoneof the correspondingrimary pathsto fail. If are-
sourceis sharedonly amongbackuppaths,thenit is referred
to as badkup-ba&up multiplexing. If a resources occupied
by a working connectionandis alsoassignedo one or more
backuppaths,thenit is referredto as primary-badup multi-
plexing. Any failurethatwould requirethe sharedesourcdor
establishinga backupconnectiormustleadto thefailureof the
alreadyexisting primary connectionoccupying that resource.
All theprotectiorstratgiesdiscusse@mploy resourcesharing.

(b) After link 2b3failure

(c) After link 3b4failure

I1l. FRAMEWORK TO SUPPORT MULTIPLE PROTECTION
STRATEGIES

We consideran optical network wherelinks have multiple
Pbers, multiple wavelengthsper bber, and multiple time slots
perwavelength.Let N denotethe setof nodesandL denote
thesetof links in thenetwork. Thelinks areassumedo be bi-
directionalwith dedicatedesourcegbbers)for eachdirection.
Let" denotethe setof SharedRisk Link Group(SRLG)fail-
uresin thenetwork. An element! ! " is asubsetof L that
denoteghe setof links that mayfail dueto afailurein oneor
moresharedesources.

We assumeén this paperfor sale of clarity, thatall thenodes
have full groomingcapability Hence the capacityinformation
of alink is presentecasa scalar If the nodesdo not employ
wavelengthcorversion thenthe availablecapacityinformation
may berepresentedsavector If the nodesemploy heteroge-
neousswitchingarchitecturesthenthe capacityon a link may
bepresentedsamatrix[12].

Thenotationsemployedto computgpathsusingmultiple pro-
tectionstratg@iesareshavn in Tablel.

A. Availablecapacityonalink andpath

Let S andP, denotethe total capacityand capacityoccu-
pied by primary connectionon link ", respectiely. Let GI
denotehecapacityonlink " thatis currentlyoccupiedy work-
ing connectionghat would fail in caseof the SRLG failure
! . The capacityusedby the connectionsaffectedby the fail-
ure becomeavailable,which maybe assignedor backupcon-
nections.Incorporatinghis informationinto pathselectionen-
ablesprimary-backupmultiplexing, oftenreferredto asOstub-
release@ theliterature.Let B, denotethe numberof backup
channelsequiredonlink " in caseof anSRLGfailure! .

A pathin thenetwork, representedsa setof directionalinks
(orderedin the sequencéy which it appeardn the path),is
denotedby P. Theavailable capacityon a pathis obtainedby



TABLE |
COMPREHENSIVELIST OF NOTATIONSWITH COMMENTS EMPLOYED TO COMPUTE PATHS UNDER MULTIPLE PROTECTION STRATEGIES.

| Variables Comments
N Setof nodes.
L  Setof links.
! An SRLGfailure.(! ! L)
! Setof SRLGfailuresin the network.
P(s,d,! ,{x:}) Pathcomputeddynamicallyfrom s to d by removing links in theset! andassigningx } asthe capacityof thelinks.
" Null set.
S, Maximumcapacityonlink #
P,  Capacityoccupiedby primary connectionn link #
G, Capacitygainedonlink #uponfailure! .
B, Capacityresered for backuponlink #for failure! .
A,  Availablecapacityonlink #to routeprimary connection.

Z, Backuppathfor link #underfailure! .

Available capacityonlink #to routebackupconnectiorunderfailure! " ! .

X,  Capacityavailableto routeprimary connection.

Y, Capacityavailableto routebackupconnectionunderfailure! .

Pr  Setof nodesandlinks throughwhich the primary pathof requesiR traverses.

P,  Setof nodesandlinks throughwhich the backuppathof requesR traversesunderfailure! .
$r(#  Wavelengthassignmenfor requesR onlink #undernofailure.
$,(#)  Wavelengthassignmentor requesR onlink #underfailure! .

Iz Setof failuresunderwhich therequestR will berecorbguredto its backupconnection.

Sr  Sourceof requestR .

dr  Destinationof requesR .

cr  Capacityrequiremenbf requesiR .

combiningtheinformationof thelinks in the pathas:

Ap = [TIIIFI’W A Q)
If the variablesare vectors,thenthe available capacityvector
of the pathis computedas the element-wiseminimum of the
availablecapacityof thelinks in the path.

B. Path selectiorandwavelengtrassignment

A pathfrom anodes to d selectedy disablinga setof links
in a failure set! with the available capacityon the links as
{x:} is denotedby P(s,d,! ,{x:}). We assumehatthe path
selectionis basedon Dijkstra®algorithmthatwould selectthe
shortestpath (basedon hop-countlamongthe available paths
(pathsthathave sufbcientcapacityfor routingthe connection),
referredto asAvailableShortesPath (ASP)[13].

Let R denotearequestfor a connectiorfrom sourcesg to
destinationdg for capacitycg . Therequests assigned pri-
marypathand,if required,oneor morebackuppaths.We refer
to the requestas connectionif it is accepted.Let Pr denote
thesetof links in the primarypathof the connection.The con-
nectionwill berecorPguredundera setof failuresdenotedby
" r. Foreveryfailure! ! " g, abackuppathis providedfor
therequest.Let P; denotethelinks in the backuppathof the
connectiorcorrespondingo thefailure! .

Let# (") denotehewavelengthassignmenonlink " for the
primarypathof aconnectiorand#;e (") thewavelengthassign-
mentonlink " underfailure! .

C. Trafec requirements

We assumehatrequestghatarrive in the network have cer
tain Quality-of-Protectior{QoP)requirementbasedon which
we classifytherequesténto oneof thefollowing four types.

¥ Typel bGuaranteegrotectionwith lessthan50 ms ser

vice outagetime.

¥ Type 2 B Guaranteedprotectionwith no outagetime

requirement;connectionrecoripgurationprobability less
than0.3.

¥ Type3 b Guaranteegbrotectionwith no outagetime and

recoripgurationrequirements.

¥ Type4 D No protection(from failuresthat affect the pri-

marypath).

The differenttrafibc typesare chosenbasedon the follow-
ing criteria. For voice calls (Type 1) a recovery time of 50 ms
is employed which is derived from the Automatic Protection
Switching(APS) systems For datatrafoc (Type 2), the outage
timerequiremenits toostrict, henceds relaxed. However, ahigh
outagetime in the optical layer may leadto severalundesired
reactionsin the electroniclayersabove, henceit is of impor
tanceto minimizethis effect. Assumethatalink in a network
is unavailablefor afew hoursin amonthfor maintenancé, and
the connectionswill have to be recorPguredto backuppaths
beforemaintenanceA connectiormay have a requiremenof
a certainnumberof suchinstancest cantolerateover a cer
tain bxed periodof time (saya month).This valueis translated
into the numberof failuresunderwhich the connectiorwill be

2Maintenanceschedulemay be treatedas failureswith known failure time
andduration.



recorbgured. A probability of 0.3 implies thatthe numberof
failuresfor which the connectiorwill berecorPguredmustbe
lessthan0.3 timesthe total numberof failuresin the network.
The third kind of trafbc (Type 3)) is aimedat guaranteeaon-
real-timeservice,wherea pathis guaranteedut not the re-
coverytime or numberof recorPgurations.Theseareaimedat
applicationswheredatais requiredto be transferredbut with
no time guaranteegsuchas backingup of systems). Type 4
trafoe is the lowestpriority anddo not requireary protection
againstink failuresthataffectits primary path. However, the
connectionsnaynotbedroppedf thefailuredoesnotaffectits
primarypath.

A requesis assigned protectionstratey basedon its QoP
requirements. Basedon our earlier study of the individual
schemedg6], [8], we assignthe protectiontype to the trafbc
in a static manner: Type 1 connectionsare protectedthrough
link protection;Type2 connectiondy strict FDPR Type 3 con-
nectionsby Rexible FDPP

D. Failurerecovery

A link failureis identiped by the nodesattachedo the link.
Thenodessendout broadcasmessagedicatingthelocation
of thefailure. Uponreceptionof the failure notibcation,every
noderecorguresits switchescorrespondingo thefailuresce-
nario. Notethatasthenetwork emplo/sprotectionthepathson
which the connectionwill beroutedupona failure areknown
apriori. Hence |t is notnecessarfor the sourcenodeto initiate
a requestfor recorPguring the connectiorto its backuppath.
In addition, we assumethat the failure notibcation messages
are given highestpreferencehencethe delay they encounter
is primarily the propagatiordelay (andsomeadditionaldelay
to procesghe message) We assumethat the failure notibca-
tion messagdasa bxed length,hencethe processindime for
the messageas assumedo be a constant. The switch recon-
Pgurationtime will dependon the size of the switch, we have
assumedhatall the nodesemploy switchesof the samesize,
hencethe constantalue.

The propagatiordelayis alsoassumedo be constanion all
links, which is not true in practice. However, if we assume
the propagationdelay to be differentfor eachlink, thenary
performancelifferencethat we might seemay not be clearly
attributed to the kind of protectionscheme. The numberof
calls of type-1rejecteddependson the recovery time, which
in turn depend®nthepropagatiordelay Thereforethelonger
thepropagatiordelayof anend-to-endghortespath(assuming
mostcalls arelikely routedover the shortestpath), morecalls
of Type-1will berejected.

We assumehat the network stateinformationis up-to-date
at ary instantof time. Theinterarrival ratebetweentrafbc is
long enoughfor the network stateto stabilize. In addition,the
diameterof the network (including the propagationand pro-
cessingdelays)is muchlessthantheinter-arrival time between
calls. For example,in the networks consideredwe have as-
sumeda propagatiordelayof 5 ms anda processinglelayof 4
ms. The diameterof the NSFNET network is 4 hops,thusre-
sultsin adelayof 72 ms. Therefore gvery nodein the network
would be awareof the network failurein 72 ms (from thetime
atwhichit is detected) We assumehatary call arrival during

the recorbgurationprocesamay be heldin the queueuntil the
recorPgurationprocesss completed.

1V. PATH COMPUTATION UNDER MULTIPLE PROTECTION
STRATEGIES

In this section,we describethe computatiorof primaryand
backuppathsfor underdifferentprotectiorstrategies. Whenthe
network doesnothavefailures thecapacityassignedo primary
connectionsnalink is uppemoundedy theavailablecapacity
onthelink. Therefore,

P " S (2)

Onafailure! , thenetwork will beableto re-assigmequest$o
theirbackupconnectionsf thefollowing conditionis satideed:

3)

Theaboveinequalitymustbe obeyedby ary routingandwave-
lengthassignmenscheméor all SRLGfailuresif the network
mustbe resilientto ary single SRLG failure. Fromthe above,
the available capacityon a link whenthereare no failuresis
computedas:

PP#G +B, " S

A =S #P 4)

Theavailablecapacityon alink underafailure! is computed
as:
A =S #P #B, +G, (5)

Connectiorestablishmentequiresassignmenof a primary
pathand,if requiredoneor morebackuppaths.Let X |, denote
the available capacityon link " to routea primary connection.
LetY, denotetheavailablecapacityonlink " to routeabackup
connectiorunderfailure! . Dependingon the protectionstrat-
egy, the computatiorof resourcesn the network to route pri-
maryandbackupconnectionsvill differ.

Thefollowing subsectiondescribehepathcomputatiorun-
dereachprotectionstratagy. In orderto presentheinformation
in a concisemanney a comprehensek list of available capac-
ity andpathcomputatiorundervariousprotectionstratgiesare
shavnin Figure4. Thereader@rerecommendetb referto this
tablefor the correspondingrotectionstrately underconsider
ation.

A. Failure Independen®ath Protection(FIPP)

FIPP providesbxed primary andbackuppathsthatarelink-
disjoint. Theconnectiorestablishe@longtheprimarypathwill
berecorguredto the backuppathonly whena failure affects
alink onthe primarypath.Underary otherfailure,theconnec-
tion will remainunafected. Hence,the available capacityto
routeprimaryconnection(X ;) mustbeavailablewhenthe net-
work hasno failuresandunderthosefailuresthatdo not affect
the primary path. As the primary path (Pr) is known apri-
ori, the setof failuresthataffectthe primarypath(" r) isalso
known.

Thecapacityallocatedor thebackuppathmustbe available
only in thosefailuresthat will affect the primary path. Note
thatthe backuppathis thesameunderall failuresthataffectthe
primary path. In addition,if the wavelengthassignmenmust
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Fig.4. Comprehense list of capacityandpathcomputatiorfor variousprotectionstratgies.

alsobethe sameon all thelinks, thenthe availablecapacityto
routethe backupconnectior(Y!" ) is computedby considering
the available capacityunderall the failure scenariosn which
the connectionwill be recoripgured. Hence,the wavelength
assignmenon the backuppathneedto becomputednly once.

A successfutonnectiorwould beassigne@neprimarypath
and|" r| backuppathssuchthatthe backuppath (alongwith
thewavelengthassignmentior all failuresin " r areidentical.
Hence,the maximumnumberof distinct backuppaths(along
with wavelengthassignmentis one.

B. Failure DependenPath Protection(FDPP)

FDPP attemptsto provide multiple backuppaths,one for
eachfailure underwhich the primary path may no longerbe
available.While the backuppathsfor somefailuresmaybethe
samejt is notguaranteetb bethe samefor all failuresthataf-
fectthe primarypath. Theprimarypathfor theconnectiormay
be choserfrom a setof candidatepathsor computeddynami-
cally. In caseof selectinga pathfrom a setof candidatepaths,
the computatiorof availablecapacityfor routingprimary con-
nectionis thesameasthatof the FIPPapproach.

Undera network failure, the primary path of a connection
may not be availablefor two reasons:(1) a failure in the net-
work involvesoneor morelinks on the primary path;or (2) a
failurein the network doesnotinvolve any link ontheprimary
path, however the capacityassignedo the connectionon the
primarypathis alsoassignedo the backuppathsof someother
connectionghatareaffectedby thefailure. Thelatterrequires
recorbgurationof aconnectiorto its backuppathevenif afail-
ure doesnot affect the primary pathof the connection.Sucha
recorbgurationcanleadto a dominoeffectrequiringnetwork-
wide recorbguration.

Strict FDPP. Under strict FDPR the connectionamay be
recorbguredonly underthosefailuresthat affect the primary
path. Hence the capacityassignedo a connectioron the pri-
marypathmustbeavailableunderall failurescenarioshatdoes
not affect the primary path. The computationof the primary

pathrequiresthe knowledgeof the available capacityon links
(to computethe shortestavailable path). The computationof
available capacityon a link in turn requiresthe knowledgeof
theprimarypath.To avoid suchamutualdependencehecom-
putationof the available capacityon a link to routea primary
connectior(X ) iscomputedn aconserativemanneiseeFig-
ure4) by ensuringhatthe capacityis availableunderall failure
scenarios.

Thepathselectionstrateyy in thenetwork thenselectsanap-
propriateprimary pathfor the connection.As the above com-
putationguaranteethatthe capacityassignedor primarypath
is available underary failure, the connectionneedsto be re-
conbguredonly for thosefailuresthat affect the primary path.
Hence thesetof failuresthatleadsto arecoripguration(" r)is
computedasthosefailuresthataffectthe primarypath.

Flexible FDPP. Recallthat the Rexible FDPP approachis
equvalentof treatingthenetwork asL +1 sub-graphgonewith
no failure and otherswith onedistinctlink failed)[7] andac-
ceptingtherequesbnly whenasuccessfupathandwavelength
assignmenis availablein all the sub-graphsThis approachis
shavn to be capacityefbcient, but requiresa connectiorto be
recorbguredunderavery highnumberof failures[6].

A connectiormay be reroutedevenwhena failure doesnot
affectits primarypath. Hence the capacityavailableto routea
primary connectioris computedy simply takingthe capacity
availablewhenthe network doesnothave ary failures.Clearly,
thecapacityassignedor the primarypathmaynotbe available
underafailurescenariohenceheconnectiormustbeprovided
a backuppathfor every SRLG failure in the network. Hence,
the setof failuresfor which a backuppathis computeds the
sameasthe setof failure scenariosn the network.

Irrespectve of the way in which the primary pathis com-
puted, the backuppath hasto be computedfor every failure
I 1 " r. Thebackuppathundera failure! is computeddy-
namicallyby remaving thelinks thatareaffectedby thefailure.
As the backuppathsmay be computedndependentlyor each
failurescenariotheavailablecapacityonalink to routebackup



pathunderfailure! issimplyA, .

The path selectionapproactdescribedabove takesinto ac-
countonly thoseconnectionshatwould bere-assigneéh case
of failure! . Hence backupmultiplexing (backup-backupand
primary-backup)s inherentto the abose computatiorof avail-
ablecapacityunderafailure.

C. ConnectiorBwitdedLink Protection(CSLP)

For link protectionat the connectionlevel, a connectionis
re-routedaroundthe failedlink. A link " is assumedo have a
backuppathfor everyfailure! thataffectsit, denotecoy Z , .
Thewavelengthassignmentnthelinks of theprimarypathnot
affectedby thefailureremainghesame Hence thecapacityto
route primary connectionon a link is assumedo be available
only whenthebackuppathalsohastherequiredcapacityunder
the failure of the link. The capacityavailable on the backup
pathZ, uponfailure! , denotecby R, is computedasshavn
in Figure4.

A link may have several backuppaths,onefor eachfailure
thataffectsthelink. A primary connectiorroutedalonga link
may be re-routedto one of its backuppathsdependingon the
failure. Thecapacitythatis assignedor primaryconnectioron
link " mustalsobe availablealongall of its backuppathsun-
derthecorrespondindailure. Thereforethe capacityavailable
for a routing primary connectionis computedby considering
thecapacityavailablewhenthe network doesnot have ary fail-
ures(A,), availablecapacityon alink underall failure scenar
ios (A, ), andavailabile capacityon the backuppathof thelink
underthefailurescenariosffectingthelink (R, ).

We notethatthe backuppathfor alink " undera failure!
Z, may be computeddynamicallybasedon the network sta-
tus,Z, = P(s;,d;,!,{A,}), by simply not consideringhe
links that are affectedby failure! and computingthe avail-
ableshortesipathbetweerthe nodesconnectedy link . The
computatiorof the backuppathfor alink is independentf the
requesthencemaybe performedbeforerequestirrival. In this
paperwe assumehatthe backuppathfor alink underafailure
is computedasthe shortestpathunderthe link failure; hence
thebackuppathfor alink undera failure doesnot changewith
network trafbc.

Thebackuppathfor aconnectiorundereachfailurescenario
is obtainedby simplyreplacinghefailedlink by thelinksin the
backupbackuppath. A successfutonnectiorhasoneprimary
pathand|" r | backuppaths.

Thewavelengthassignmentnthebackuppathmustbecon-
sistentwith thewavelengthassignmenof the primarypathstill
intact. As theroutingof primaryconnectiorhastakeninto ac-
countthe availability of backuppaths,a consistentvavelength
assignmendn the backuppathis guaranteeb exist®.

D. Diversion

Recallthatthe Diversionprotectionis similar to thatof link
protectionexceptthattheconnections re-routedromthenode
attachedo the failed link directly to the destination. In link
protectionin whichthelink in the primarypathof aconnection

3 Path pruningmay be necessaryo avoid loopingin certaincases.

thatarenot affectedby thefailureremainunafected.In Diver-
sion, the primary pathfrom the sourceto the nodebeforethe
failedlink remainsunafected,the primary pathsegmentafter
thefailedlink is notvalid afterthefailure.

As the primary pathwill be diverteddirectly to the destina-
tion, apathfrom every nodeto the destinatioris required.The
diversionpathbetweenevery nodepair may be bxed or com-
puteddynamically The computatiorof diversionpathrequires
theknowledgeof requestestinationhencemay be performed
only afterrequestrrival.

Let" denoteadirectedink in thegraphands, andd, denote
the sourceand destinationof the directedlink. Sucha nota-
tion meansa primary pathroutedthroughthe directionallink "
traversesroms, tod,. LetR bearequestequiringa connec-
tion from sourcesg to destinatiordr . LetY, (R) denotethe
diversionpathfor failure! from link ", whichis a pathfrom
nodes; to dr . Asthediversionpathwill beusedonly undera
particularfailurescenariotheavailablecapacityonadiversion
path(R, ) iscomputedy only consideringhatfailurescenario
asshown in Figure4. The availablecapacityon alink to route
primaryconnection(X ;) isthencomputedsimilarto the CSLP
stratey.

The backuppathfor a connectiorundera particularfailure
scenarids obtainedby removing the sggmentof the pathfrom
the brst failed link to the destinatiorand appendinghe diver-
sionpathfrom thenodebeforethefailedlink to thedestination.
As the primary pathcomputationtakesinto accountthe avail-
ability of capacityon backuppath,a backuppathandchannel
assignments guaranteedo exist. The channelassignmenbn
the backup(diversion)pathmustbe consistentvith thatof the
primarypathsegmentstill intact.

E. NoProtection

Requestghat do not requireary protectionneedto be pro-
videdwith only a primary path. Althoughthe requestdoesnot
require protection,a connectionis provided that may not be
removed unlessa link in its primary pathfails. The available
capacityon alink to routethe primaryconnectioris computed
similar to the strict FDPPstratg)y. The capacityoccupiedby
the primary connectionwould be releasedvheneer a failure
affectsthe primarypath. For thatreasonthe setof failuresun-
derwhich a recorbgurationis necessary" r) is computedas
thosefailuresthat affect the primary path. As the connections
donotneedprotectionnobackuppathsareassignedor ary of
thefailures(P;e = $, $! ! "Rg). Whenafailure! | " g
occursthecapacityassignedo theconnectiorwill bereleased.

F. Connectiorestablishmentndrelease

We assumehat the network is managedhrougha central-
ized control, or equialently, the network employs link state
protocolwhereevery nodehasup-to-datenetwork stateinfor-
mation. The proceduresor connectionestablishmenandre-
leaseis shavn in Figure5 whenthe network supportamultiple
protectionstratgies. The connectiorestablishmenprocedure
takesasinputthe currentnetwork statusandrequest.The pro-
tectionschemdor therequests staticallydeterminedasedn
its requirements.The outputof the connectionestablishment



Connectionestablishmentprocedure
Input:

1) Currentnetwork state.

2) RequesR with aspecbc protectionrequirement.
Output:

1) PrimarypathPx andwavelengthassignmenon primarypath!z ("),!" " Px.
2) Failureset¥ . . . .
3) A setof backuppathfor eachfailurein thefailuresetP, andwavelengthassignment, ("), !" " P, and# " ¥x.

Steps:

1) Updatetheavailablecapacityon eachlink to routeprimary connection(X,).

2) Obtainaprimarypathemplg/ing AvailableShortesPath (ASP)algorithm.Obtaina sub-trunkassignmenon the pathemploying brst-bt
stratgy. If a pathor sub-trunkassignmentannotbe obtainedtherequesis rejected.Goto Step6.

3) Obtainthefailure setunderwhich arecorgurationis required(¥ ).

4) For every# " Upg, obtaina backuppath and wavelengthassignment.Updatethe available capacityon eachlink to route a backup

connectiorunderfailure# asY, .

« FIPP: It is sufbcientto computefor onefailure scenaricasthe computatiorof Y!" takesinto accounthe capacityavailability under
all failure scenariosn which the connectiomeeddgo berecorbgured.

« Strict/Flexible FDPP: ComputethebackuppathP,, = P (s, dr,#,{A, }).
o« CSLP: ConstructthebackuppathP7"z by replacingthelinks affectedby thefailure# with their correspondindpackuppaths.
« Diversion: ConstruclthebackuppathP7"2 by replacingthe primary pathfrom thefailed link with thediversionpath.

« Noprotection: P, = $.
5) Updatelink capacities.

Note: At thisjuncture,every requeshasbeenassigned(1) a primary pathPx with wavelengthassignment; (2) failureset¥; and
(3) asetof backuppathsP ., ! # " Wr. Inorderto updatethelink capacitiesit is notnecessaryo distinguishwhich failureschemes

employed.
Poltr()] # P l=(]+cr "7 Pr
P N
G, '»(") # G, !1,(") +cr !"" Prand#" Ug
B, '»(") # B, '.() +cr !"" PLand#" Ug
6) Exit.
Connectionreleaseprocedure
Input: RequesR which hasalreadybeenaccepted.
Steps:
1) Updatelink capacities.
Pll=(™M] # P lr(")]$cr I"" Pr
| " | "
Gl lR(") # GI I;g(") $ Cr ! ' P’R and# " \I/R
| " I "
B, Ix(") # B, Ix(") $cr !"" Ppand#" Ux

Fig.5. Genericconnectiorestablishment/releaggocedure.

procedures to provide a primary path and backuppath(s),if
necessaralongwith wavelengthassignment.

The connectiorestablishmenprocedurenvolvesbve major
steps.At theendof Step4, theconnections assigne@primary
pathanda setof backuppathsdependingn the protectionre-
quirement. Oncethe primary and backuppathsare obtained,
the capacitieson the links areupdated.It is worth noting that
theway in which thelink capacitiesare maintainedallows dif-
ferentprotectionstratgiesto beemploy/edin thesamenetwork.
Theconnectionreleasgrocedurés similarto the Step5 of con-
nectionestablishmentexceptthat the capacitiesare released
insteadof beingassigned.

V. COMPUTATION OF SERVICE OUTAGE AND FAILURE
RECOVERY TIMES

In this section,we computethe serviceoutageand failure
recovery timesfor a connectionundersinglelink failure sce-
nario. The timing calculationsare performedwith the failure
instantasthe reference The notationsemployedin computing
the serviceoutagetimeis shavn in Tablell.

Uponalink failure,thenodesconnectedo thefailedlink de-
tectthefailure. Thefailureis assumedo bedetectediueto the
loss of a periodic OHelloQaclets exchangedver the control
channelfor a pre-spedped duration, hencethe time required
to detecta failure is assumedo be a constantdenotedoy %
Upondetectinghefailure,the nodesbroadcasa failure notip-
cationmessageThe sumof thetime requiredfor the nodeto
prepareandtransmita pacletonalink andthetime to process



the paclet by the nodeon the otherendof alink is referredto
astheelectronicoverheadime, denotedby & If ' | denoteghe
propagatiordelayonlink ", then' ; + & denoteshedelayexpe-
riencedby afailure notibcationmessag®n thelink. Notethat
asthe failure notibcationmessagevill be corvertedfrom the
opticalto electronicdomainfor processingat every node,this
delaymaybea signibcantfactorin somenetworks.

Let n;(! ) andn,(! ) denotetwo nodesconnectedo the
failed link correspondingo failure! . The nodesattachedo
the failed link broadcastailure notibcationindependently A
noden will beawareof thefailurefromthemessagéhatarrives
prst. Thetimeto getthenotibcationof failure! atnoden from
theinstantatwhichfailureoccurredn the network, denotedy
T, ,iscomputedasshavn in Equation6. This notibcationtime
includesthetime to detectthefailure (%9 andthe minimum of
thepropagatiordelayfrom the nodesattachedo thefailedlink
to noden in the network afterremoving thefailedlink.

The nodesstartto recoripguretheir switcheswhenthey re-
ceive the notibcation. The worst-casdime to recorbgurethe
switchesat a nodeis assumedo be (. Thetime atwhich the
recorbgurationwill be completedat noden for failure! , de-
notedby R, , is computecasshavn in Equation?.

Considera connectiorestablishedor arequesR andasin-
glelink failure! . Let zg denotethe Prst nodein the primary
path suchthat no link in the primary path segmentfrom z;
to the destinationis affectedby failure! . The sggmentfrom
z, to the destinationis debned as the last surviving sggment
of the primary path Similarly, the longestsegmentof the pri-
marypathstartingfrom thesourcethatdoesnothave ary failed
links is referredto asthe brst survivingsegmentof the primary
path If afailure doesnot affect the primary path,then z; is
thesourcenode.

Thenodesat which the recorgurationstartsandendsfor a
connectiordependon the protectionstratgy. Letx , andyg
denotethe nodesat which the recorbgurationstartsandends,
respectiely. Theillustration of x5, g, andzg for various
protectionschemess shavn in Figure6. The abore nomen-
clatureis applicableto a variety of protectionstrategies (link
protection pathprotection segmentecprotection[14]).

Whenalink failsin the primarypath,the destinatiorcontin-
uesto receie theinformationthatis still in propagatioron the
last surviving segment. We brst computethe latesttime until
whenthe destinationcontinuesto receve informationsenton
the primary path. Let L; (n) denotethe latest crossingtime
debnedasthe latestwhentheinformationof the connectiorR
crossesioden, wheren is anodein thelastsurviving segment
of the primary path. Similarly, let F (n) denotethe earliest
crossingtime debnedasthe earliesttime whentheinformation
of the connectiorcrossesioden in its backuppathfor failure
I'. Thefailurerecoverytime of the connectiorunderfailure! ,
denotedby Ty is computedasshovn in EquationlO0.

A noden startsto recorbgureits switchassoonasit receves
the failure notibcation message. A nodein the last surviv-
ing sggmentmayreceve thefailurenotibcationmessageither
alongthe last surviving segmentitself (if thatis shortestpath)
or alongadifferentpath.If thelatestcrossingime attheimme-
diatepredecessarodeof n ontheprimarypath[Pred(n, Pr)]
is time t andthe propagatiordelayon thelink connectinghe

nodesn andPred(n, Pr) is', thenthelatestcrossingime at
noden is givenby t + ', if thenoden hasnot alreadystarted
its switchrecorbguration.Otherwiseijt is given by T,, . There-
fore, the minimum of the above two times debnesthe latest
crossingtime at noden, i.e. L',; (n) = min(T, ,t+ ';). The
recursve way of computingthe latestcrossingtime at a node
in the last surviving segmentof the primary pathis showvn in

Equation8.

Whena failure affectsthe primary pathof a connectionthe
informationthat just crossedover failure point is the last bit
of informationthat hasthe potentialto reachthe destination.
Hence the startingpoint for computingtheabovetime is taken
asO (thefailureinstant)if thefailureaffectsthe primarypath®.
However, in Rexible FDPPprotection,a connectiormaybere-
conbguredevenif a failure doesnot affect the primary path.
In suchcasesthe sourcecontinuego transmiton the primary
pathuntil it receizes a failure notibcationmessageTherefore,
thelatestcrossingime atthe sources Ty .

After receving a failure notibcation,a noden startsto re-
corbgureits switchesand completest by time R;,. The in-
formationof the connectiorsentalongthe backuppathcannot
crossthe noden until therecoripgurationis complete.If t de-
notesthe earliestcrossingtime of the immediatepredecessor
nodeof n onthe backuppathand', denoteghe propagation
delayof thelink connectinghe nodeandits predecessarnthe
backuppath,thenthe earliestcrossingtime at noden is given
byt + ', if noden hasalreadycompletedts recorbguration
by thattime. Otherwise the earliestcrossingtime atnoden is
givenby R, . Themaximumof theabove two timesdePnesthe
earliesttrossingimeatnoden, i.e. F; (n) = max(R,,, t+'1).
Therecorbgurationbeginsatnodex',; andtheearliestcrossing
timeatthisnodeisis R}, , wheren = x . Therecursveway of
computingthe earliestcrossingtime of the connectiorthrough
n in its backuppathis showvn in Equation9.

The differencebetweenthe brst crossingtime andthe last
crossingtime at the nodewherethe recorbgurationendsgives
theserviceoutagetime, while thebrst crossingime atthenode
wherethe recorpgurationendsgives the failure recovery time
for theconnection.

VI. PERFORMANCE EVALUATION

The performancevaluationof the CSLR Strict FDPPR Flex-
ible FDPR andMIXED protectionstratgjiesarecarriedouton
threereal-life networksasshovnin Figure7. Thelinks in these
networksareassumedo have apropagatiordelayof 5 ms,with
4 ms delayfor electronicprocessingat eachnode,4 ms delay
for detectingafailedlink, 20 msfor recoripguringthe switches
atanode.Althoughtheassumptiorof uniformpropagatiorde-
lay maynotref3ectthatof the correspondingeal-life networks,
the genericconclusionghatarederived from the performance
resultsarestill valid.

Every link in the network employs two unidirectionalbPbers
each128 channelserlink (in eachdirection). All the nodes

4Whenalink fails, theinformationafterthefailure pointin thelink maystill
continueto propagateo the next node. The propagatiordelayfrom thefailure
point to the brst nodeof the last surviving sggmentis not taken into account
here.
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Fig.6. lllustration of X,

R yR andz, for variousprotectionstratgies.

TABLE Il

COMPREHENSIVELIST OF NOTATIONSEMPLOYED IN SERVICE OUTAGE TIME COMPUTATION WITH COMMENTS.

Variables Comments
% Timeto detectasinglelink failure.
&  Switchrecorbgurationtime atanode.
' Electronicoverheadime in transmittingandreceving afailure notibcationmessage.
" " (n1,n2;{x;}) Costof theleast-cospathfrom n; to n, with {x,} asthe costmetricfor links underfailure! .
" p(n1,n2;{x;}) Costof thesggmentfrom ny to n, onpathP with {x,} asthecostmetricfor links.
Pred(n,P) Immediatepredecessoof noden onpathP.
Tr: Timetakenfor noden to receve thefailure notibcationof failure! sincetheinstantof failure.
R,  Timeto bnishrecorPgurationat noden from theinstantof failure! .
O Propagatiordelayonlink #.
x}a Nodeat which therequesR is re-routedfor failure! .
Yr Nodeat which therecorbPguredsegmentof requesR for failure! joinsthe primary path.
2,  Firstnodein the primary pathsuchthatnolink in the pathsegmentzz (! ) to thedestinationis affectedby failure! .
L R(n) Latesttime by which connectionR cancrossnoden in its primary pathafterfailure! .
F(n)  Earliesttime by which connectiorR cancrossnoden in its backuppathafterfailure! .
O,  Outagetime for requesR underfailure! .

To = %t minf# (n(H),n{" + &), # (n (1), n {1 + &)] (6)
Ry = Ty + ( ()
% min[T, , Ly (Pred(n,Pr)) + #p, (Pred(n,Pr),n;{"1})] if n %z,
L;(n)zg Tn(!) ifn= 2z, and! &Pg = $ (8)
0 otherwise
#
" § max[R,, Fg (Pred(n,Pg)) + # 1 (Pred(n,Pp),ni{" )] if n %6xg
Fr(n) = $ ) 9
Rn if n = xg
Og = Fr(Yr) # Lg (Yr) (10)

in the network are assumedo be full-grooming nodes. The
network is assumedo have only singlelink failures. Due to

berecorbgureduponafailure.

the singlelink failure assumptionFIPPis not consideredor

performanceevaluationas they are known to performworse
thanFDPPschemesEverylink is providedwith a bxed backup

pathover which all theconnectionsoutedthroughthelink will

The networks employ available shortest path algorithm
(ASP)[13] andbrst+t wavelengthassignmentor all the con-

sideredprotectionmethodologies.The available shortestpath
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(a) NSFNETnetwork
(14 nodes22links)

Fig. 7. Network topologiesconsideredor performancesvaluation.

algorithm computesthe shortestpath amongthosepathsthat
have sufbcientresourcegor connectiorestablishment.

Requestarrival follows a Poissonprocesswith rate) and
have anexponentiaholdingtimewith unitmean.Everyrequest
hasonechannekapacityrequirementThesourceanddestina-
tion of arequests assumedo beequallylikely amongall node
pair combination8. In addition,a connectiorhascertainfail-
ureoutagdimerequirementsasmentionedn Sectionlll-C and
a connectioris assigned protectionstratey basedon there-
quirement.The simulationsare performedin bve roundswith
10,000requestperround. The averageof the valuesobtained
over thesebve roundsarepresentedh this paper

A. Serviceoutage time estimatiorfor differentnetworks

In orderto get an estimateof the serviceoutagetime of
a connectionundereachprotectionstratgy, the networks are
brst simulatedindependentlyor eachprotectionstrategy. The
worst-caseserviceoutagetime for aconnectioris computedas
the maximumoutagetime amongall the failuresunderwhich
the connectionwould be recorbgured. The averageand stan-
dard deviation of the worst-caseoutagetime of a connection
for variousprotectionstratgiesareshovn in Tablelll.

Theoutagdime under3exible FDPPis generallythehighest.
Strictandfexible FDPPschemesirepathprotectionstrategies,
hencetheir outagetimesarehigherthanthatof CSLR Theout-
agetime undertheDiversionstratgy falls betweerthelink and
pathprotectionstratgies. The outagetimesfor Rexible FDPP
is higherthanstrict FDPPasthe connectiorwill haveto bere-
conbguredeven underfailuresthatdoesnot affect the primary
path. Flexible FDPPschemeds known to enforcerecoripgura-
tion in morefailuresthanStrict FDPP TablelV shavs the av-
eragelengthof primaryandbackuppathsalongwith the num-
berof recoripgurationsfor network load at which the blocking
probabilityis of the orderof 10% 3 # 10% 2. The total number
of failuresis the sameasthe numberof links in the network.
The numberof recorbgurationsfor a connectionunder 3exi-
ble FDPPis the highest,despiteits low primary path length.
For example,a connectiorestablishedn anNSFNET network
will requirerecorigurationin anaverageof 15.9link failures

5Under non-uniformtrafbe, it is often difbcult to quantify if a certain ob-
senation in the network is the effect of the given protectionstratgy or non-
uniform trafbc. Hence the uniform trafic assumption.

(b) ARPANET network
(20nodes32links)

11

(c) Italian network
(32nodesB9links)

amongthe 22 link failures.For CSLRE Strict FDPR andDiver-
sionstratgies,aconnections notrecorpPguredunlessalink in
its primary pathfails, hencethe averagenumberof recoriPgu-
rationsis the sameasthe averageprimarypathlength.

Theaverageoutagetimesof Strict FDPPandFlexible FDPP
are higherthan CSLP by 4% and 6% for NSFNET network;
14.71%and16.76%for ARPANET network; 45.5%and44.1%
for theltaliannetwork. TheNSFNETandARPANET have low
connectvity, hencethe outagetimesunderCSLPis higheras
theaveragebackuppathlengthfor alink is signibcantlyhigher
This propertycanbe obseredin TablelV wherethe average
backuppath length with CSLP is higher than that of FDPP
schemesHence for thesetwo networks, CSLP doesnot offer
signipcantadwantagesn termsof outagetimes. In the Italian
network, the outagetime of CSLPis signibcantly lower com-
paredto FDPPschemesThisis becaus¢henodedegreein the
Italian network is 4.3125,higherthanthat of NSFNET (3.14)
andARPANET (3.2) networks. Thehighernodedegreeallows
shortetbackuppathstherebyreducingheaverageandstandard
deviationof recoverytimesin link protectionstrateyy.

From earlier studies[6], [8], it is obsened that Flexible
FDPPhasthebestcapacityutilization followedby Strict FDPR
while CSLP performsthe worst. Hence,in networks where
thereis no signipcantdifferencen outageimesbetweerCSLP
andFDPPapproached; DPP(strict or Rexible) is expectedto
performbetterthanCSLP

B. Performancaundermixedtrafbc

The performanceof employing ary one particulartype of
protectionstrateyy (CSLP strict FDPR Rexible FDPR or Di-
version)for all protectedtrafbbc versusemplgying mixed pro-
tection stratgjies dependingon the connectiorrequirements
studied.In all the casesthe networksstill supportunprotected
trafbc anddoesnot provide ary backuppathsfor them.

We assumethat all four typesof call requestsare equally
likely. Networksthatemploy only onekind of protectionstrat-
egy attemptto satisfyall the requestsusingthat stratgyy. The
connectiongrerejectedf theoutagdime requiremenor num-
berof recoripgurationrequirementannotbe satided.

Performance metrics. The performanceof the protection
stratgiesarestudiedthroughtwo metrics: (1) blockingproba-
bility; and(2) weightedhetwork utilization. Theblockingprob-
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TABLE IlI
AVERAGE AND STANDARD DEVIATION OF OUTAGE TIMES.
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AVERAGE PRIMARY AND BACKUP PATH LENGTHS WITH AVERAGE NUMBER OF RECONFIGURATIONS FOR A CONNECTION.
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ability is computedfor individual trafibee types, in additionto

the overall, asthe ratio of the numberof requestgejected(of

a particulartype) to the numberof requestseceved (of that
particulartype). The effective network utilization is computed
asfollows. A requestR for capacitycr thatis routedalong
a pathwith ahoplengthof H utilizescg ' H capacityin the
network. However, its effective utilization is only cg ' Hs,

whereHg is the shortestpath length betweenthe sourceand
destinatiorof theconnectionTheeffective network utilization

atary giveninstantof time is thencomputedasthe sumof the

effective utilization of all requestsunningin thenetwork atthat
time normalizedo the total network capacity|[L| ' C, where
C denoteghe numberof channeldn alink. It is to be noted
thatthe effective utilization is computedover the acceptede-

questonly, while the offeredloadis computedasthe effective

network utilization over all requestsTheweightednetwork uti-

lizationis computedasaweightedsumof theeffective network

utilization dueto eachtrafbc type at ary giveninstantof time.

Let % denotetheweightassociatedvith trafbc typei. We em-
ployedtwo differentcostmodelswvhichwe quantifyby theratio

% :% :% :%: (1)4:3:2:1;and(2)2:1.66:1.33: 1.

For example theformerimpliesthatif thenetwork chagesone
dollar perhopfor a connectiorof type4 (unprotectedtonnec-
tion), it chagesfour dollarsperhopfor connectiorof type 1.

Results and Discussion. Figures8, 9, and 10 shav the
weightednetwork utilization at any instantof time underthe
two costmodelsandthe blocking probability for the different
typesof callsfor theNSFNET, ARPANET, andltaliannetwork,
respectiely.

For the NSFNET and ARPANET networks, the overall
blockingprobability[Figs. 8(a)and9(a)]is highasno scheme
canguarante¢herequiremenbf mostof the Type-1calls[Figs.
8(c) and 9(c)]. Calls with outagetime greaterthan 50 ms
accountfor approximately20% of the total trafbc, henceare
blocked by mostapproachesThe Italian network [Figs. 10(a)
and(c)] shavs adifferenttrend.While strict FDPPrejectsmost
of the Type-1requestsiRexible FDPPrejectsmostof the Type-2
and Type-1lrequests.Thisis expecteddueto the averageout-

agetimesfor strictandf3exible FDPPbeinghigherthan50 ms,
andthenumberof recorpgurationsunder3exible FDPPis more
than0.3 timesthe total numberof failures. It is obsenedthat
the overall blocking performancef MIXED strateyy is better
than CSLP asthe former usesa combinationof stratgiesto
optimizeutilization.

Theblockingperformancef Type-2trafibe [Figs. 8(d), 9(d),
and10(d)] shows a similar trendacrossall networks: (1) 3ex-
ible FDPP performsthe worst dueto its inherentcharacteris-
tic of high recorbgurations;and (2) CSLP performingworse
than strict FDPPand MIXED stratgies dueto excessie re-
sourceutilizationthatis commonto ary link protectionscheme.
Theblockingperformancef Type-3andType-4request$Figs.
8(e)-(f), 9(e)-(f), and 10(e)-(f)] dependon the performanceof
agivenstratagy for Type-landType-2trafbc. In generaljf a
particularstratgy rejecteda higher percentagef trafbc with
morerequirementsit acceptanoretrafbc with lesserrequire-
ments.Thesetrendsaremoreprominentin the Italian network
asthereis acleardistinctionin theoutagdimesof link andpath
protectionstrateies.

Theweightechetworkutilization at anyinstantof timeunder
the MIXED strategy is the highestfor all the networksunder
boththecostmodelsonsideed[Figs. 8(a-b),9(a-b),and10(a-
b)]. TheDiversion strategy performsas goodas the MIXED
strategy for NSFNETandARFANETnetworks Theltalian Net-
work inherentlyfavors Type-1calls dueto its rich connectivity
unlike the NSFNETand ARFANET networks.Thelefore, CSLP
performsbetterthan FDPP schemesn this network.AstheDi-
version strategy mimicslink and path protectionstrategiesde-
pendingon thefailure location, it@ performances worsethan
the CSLPappmoad.

The sparseconnectvity of NSFNETandARPANET results
in longerbackuplengths,henceleadsto a rejectionof a high
percentagef Type-Llcalls. Theremainingcallssimply require
aprotectionagainstary singlelink failurefor whichit is well-
known that path protectionstrateyies performbetterthanlink
protectionstratgies. Therefore for NSFNETand ARPANET,
FDPP schemesachieve higher weighted network utilization
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Fig.9. Performanceesultsfor ARPANET network.

comparedo the CSLPstratgyy. In bothscenariosye obsere
thatthe MIXED strategy performsthe best,thus demonstrat-
ing the ability to adaptto the network characteristicsWe also
obsenre thatthe improvementin the weightednetwork utiliza-
tion is signibcantif theratio of weightsfrom the Type-1calls
to the othersis higher Fromthe experimentalresults,we can
thus concludesupportingmultiple protectionstratgiesis ad-
vantageoum thenetwork thatit allows for suitableassignment
of protectionstratgjiesto connectiondasedon their recorery
requirements.
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(e) Blocking of Type-3requests
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(f) Blocking of Type-4requests

VIlI. CONCLUSION

This paperdevelopsa framewvork to supportmultiple protec-
tion stratgiesin optical networks, which is in generalappli-
cableto ary connection-orientedetwork. The capacityavail-
ableon alink for routing primary andbackupconnectionsre
computeddependingnthe protectionstratgy. The paperalso
developsa modelfor computingthe serviceoutageandfailure
recovery timesfor a connectionwherenotibcationsof failure
locationarebroadcasin the network. Theeffectivenesf em-
ploying multiple protectionstratgiesis establishedy consid-
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Fig. 10. Performanceesultsfor theltalian network.

eringfour kinds of trafbc on threenetworks.

In networks where the service outagetime for a connec-
tion doesnot vary signibcantly underpath protectionandlink
protectionstratagies, path protectionstrateies performbetter
dueto betterresourceutilization. The advantageof employ-
ing multiple protectionstrategiesis signipcantin networksthat
have a large differencein the outagetimesofferedby link and
path protectionstratgies. The study conductedn this paper
selectsa protectionstratgy in a staticmannemhasecnthere-
quirementof the connection.As pathprotectionstratgiesare
known to be morecapacityefbcientthanlink protectionstrate-
gies,connectiorestablishmenstratgy that brst attemptspath
protectionand then attemptinglink protectionstratayy, if the
outagetime requirementgannotbe tolerated may offer better
performanceomparedo staticschemes.

REFERENCES

[1] W.D. Grover, Mesh-basedurvivableNetworks:Optionsand Strategies
for Optical, MPLS,SONETand ATM Networking PrenticeHall Publish-
ers,New Jersg, USA, 2003.

S.RamamurthyL . Sahasraibddhe andB. Mukherjee OSurwiable WDM
meshnetworks® Journal of Lightwave Technolayy, vol. 21, no. 4, pp.
870D883April 2003.

A. FumagalliM. TaccaF. Unghwary, andA.Farago,OSharegathprotec-
tion with differentiatedreliability,Oin Proceedingf IEEE International
Confeenceon CommunicationsApril-May 2002,pp.2157D2161.

A. Paradisi,S.M. Rossi,A. Fumagalli,M. Tacca,andF. Unghwary, ODif-
ferentiatedreliability (DiR) in meshnetworks with sharedpath protec-
tion: theoreticaland experimentalresultsQ in Proceedingsof Optical
Fiber CommunicatiorConfeenceand Exhibit, March2002,pp. 17D22.
C.OuandB. Mukherjee,ODiferentiatedquality-of-protectionprovision-
ing in optical/MPLSnetworksQin Proceeding®f IFIP Networking May
2004,pp.650D661.

S.Ramasubramania)Orfailure dependenprotectionin optical groom-
ing networksQin IEEE International Confeenceon DependableSystems
andNetworks(DSN) Florence Jtaly, JunebJul2004,pp.475D484.

M. T. Fredrickand A. K. Somani, GA single-fult recovery stratey for
optical networks using subgraphrouting® in Proceedingsof the 7th
IFIP Working Confeenceon Optical NetworkDesignandModelling, Bu-
dapestHungary February2003,pp. 327D346.

[2]

(3]

(4]

(5]

(6]

(71

"HESU&H " Yo(#) " H*+

(e) Blocking of Type-3requests

1)
—o— ,-./0-12344 —3-5,64
—A—2789/:7812344 —0—<=$3
B HS%H | % 3>8.21@A
S
H
a
2
& rusoon( 1
o
£
=
g
2
—0— -./0-12344 —&-5,64 o rEswE
—&—2789/:782344 —o—;<=$3
—%—3/>8.2/@A
1SN
(e (@ &# (v (it i (# [ (e (@ &# (v (i s (#

Traffic arrival rate

(f) Blocking of Type-4requests

[8] K. SathyamurthyandS. RamasubramaniarQBenkts of link protection
atconnectiongranularityOin Proceedingof IEEE International Confer
enceon Broadband\Networks(BROADNETS) SanJose CA, USA, Octo-
ber2004,pp.300D309.

M. Patel,R. ChandrasekaramandS. Venkatesan(A comparatie studyof
restorationschemesnd sparecapacityassignmentsn meshnetworks©
in Proceeding®f 12th International Confeenceon ComputerCommuni-
cationsand Networks October2003,pp. 399D404.

D. Xu, Y. Xiong, and C. Qiao, ONee algorithmsfor sharedsegment
protection® IEEE Journal of SelectedAreasin Communicationsvol. 21,
no. 8, pp. 1320D13310ctober2003.

S.RamasubramaniaandA. Harjani, ODIVERSIONA trade-of between
link andpathprotectionstratgiesQin Proceedingf the 9th IFIP Work-
ing Confeenceon Optical NetworkDesignand Modelling, Milan, Italy,
February2005,pp. 321D334.

R. Srinivasan, OM[CFDN: A framework for connectionestablishment
in optical networksQ in Proceedingof OPTICOMM Dallas, TX, USA,
October2003,pp. 139D150. R

R. Srinivasanand A. K. Somani, ORequest-spéxi routing in WDM
groomingnetworksQ in Proceedingsof IEEE International Confeence
on CommunicationgICC 2002) New York, NY, USA, April 2002, pp.
2876D2880. .

C.V. SaradhiandC.S.R.Murthy, ODynamiestablishmenof sgmented
protectionpathsin single and multi-Pber wdm meshnetworksQ in Pro-
ceedingnf OPTICOMM July-August2002,pp.21189222.

(9]

(20]

(11]

(12]

(13]

(14]

Srinivasan Ramasubramanian receved the B.E.

(Hons.) degreein Electrical and ElectronicsEngi-
neeringfrom Birla Institute of Technologyand Sci-
ence (BITS), Pilani, India, in 1997, and the Ph.D.
degree in Computer Engineeringfrom lowa State
University, Ames, in 2002. He is a co-developer
of the HierarchicalModeling and Analysis Package
(HIMAP), a reliability modeling and analysistool,

which is currently beingusedat Boeing,Honeywell,

andseveral othercompanieanduniversities.His re-

searchinterestsinclude architecturesand algorithms
for optical and wirelessnetworks, multipath routing, fault tolerance,system
modeling,and performanceanalysis. He hassened asthe TPC Co-Chair of

BROADNETS 2005conferenceandis an editor of the SpringerWirelessNet-
worksJournal.




