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Abstract

In this paper we considertwo importantobjectivesof network operation: (i) capacityminimization
and(ii) revenuemaximization. For capacityminimization, we formulatethreeoperationaphasesn sur
vivableWDM network operationviz., initial call setup, short/medium-termeconfigurationandlong-term
reconfiguration All threephasesrederivedfrom a singleintegerlinear programmingILP) formulation.
This commonframework incorporateservicedisruption.

We modify theframework for revenuemaximizationthatincludesaservicedifferentiationmodelbased
on lightpathprotection.We proposea multistagesolutionmethodologyto solve individual serviceclasses
sequentiallyand combinethemto obtain a feasiblesolution. We provide costcomparisonsn terms of
increasen revenueobtainedby variousserviceclassewith the basecaseof acceptingdemandswvithout
ary protection.Resultsareprovidedto demonstrat¢he effectivenesof our framework.
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. INTRODUCTION

An explosionin the growth of web-relatedservicesoffered over the Internetis creatinga growving de-
mandfor bandwidth. The challengeis to reactquickly to theseincreasingoandwidthrequirementsvhile
maintainingreliableservice.The networks shouldbe designedandoperatedso asto provide adequatea-
pacityin geographicahreasvheredemands growing fastestwithout over-provisioning to a point where
network revenueis compromised.All-optical networks emplg/ing densewavelengthdivision multiplex-
ing (DWDM) have fundamentallychangedhe economicf transporinetworking, asthey caneffectively
satisfythe growing demandfor bandwidth. In WDM networks, the hugebandwidthavailable on an op-
tical fiber is divided into multiple channels.Eachchannelcan carry bandwidthupto several gigabitsper
second.A minimum unit of resourceallocationis an optical channelthat consistof a routeanda wave-
lengthassignedn eachlink alongtheroute. If wavelengthtranslationis performedin optical switching,
theneachchannemaybe assignedlifferentwavelengthson eachlink alongtheroute;otherwisethe same
wavelengthhasto be assigneabn all links alongtheroute.

Many factorsmakeit attractveto carryfastgrowing IP traffic directly overanopticalnetwork withoutthe
interveningSONET/SDHIayer In suchcasesthe entirenetwork needsa new restoratiorstratgy. SONET
hasits own protectionschemegroviding fastrecovery (of the orderof milliseconds).Restoratiorat the
opticallayerhasseveraladwantagedik e fasterecosery mechanismshetterutilization of resourcesuchas
wavelengthsand protectionfor higherlayer protocolswhich do not have their own recorery mechanisms
is provided. The key-enablingelementin the optical layeris the designrestorationstratgiesthat provide

sub-secondestoratiorfor meshbasedptical networks.

A. Relatedwbrk

To date,designproblemsin mesh-surwiable WDM networks have beenstudiedin [1], [2], [3], [4],
[5], [6]. Thestudyin [1] proposesan optimal designschemdor survivable WDM transportnetworksin
whichfastrestoratiorcanbeachievedby usingpredeterminedestoratiorpaths.Thestudyin [2] examines
differentapproaches$o protectmesh-basedVDM optical networks from single-link failures. ILPs were
formulatedto determinethe capacityrequirementdor a statictraffic demandbasedon path/link protec-
tion/restoratiorsurvivability paradigms.Integer programmingoaseddesignproblemswereformulatedto

optimally determinevorking pathstogethemith their correspondingestoratiorpaths thenumberof fibers



in eachspan,andthe optical crossconnectsn eachnode. In [3], ILP andsimulatedannealing(SA) were
usedto solve optimizationproblemsfor routing, planningof working capacity rerouting,andplanningof
sparecapacityin WDM networks. The purposeof the studywasto designa fiber topology and optical
pathlayerfor WDM networks, with a fixed channelplan, minimizing thetotal costfor a giventraffic de-
mand. Thework in [4] aimsat providing designprotectionthatis well adaptedo WDM networks, where
mary channelssharethe samefiber. The designprotection,howvever, doesnot guaranteearryingall the
traffic that was carriedprior to the failure. Instead,it aimsat maintainingconnectiity betweenall pairs
of network portsfollowing a singlefailure andlets the higherlevel network layersreconfiguretself soas
to carryonly the high priority traffic. Jointoptimizationof primaryandrestoratiorroutesto minimizethe
network capacitywasstudiedin [5]. Givenanetwork, asetof point-to-pointdemandsfind a primaryanda
restoratiorroutefor eachdemandsuchthatthe network capacityis minimized. The studyalsotried to de-
terminethe bestrestoratiorroutefor eachwavelengthdemandgiventhe network topology the capacities,
andprimary routesof all demands.The work in [6] mainly concernsonnectiorprovisioning for optical
networks. An heuristicalgorithmwasdevelopedfor routingandwavelengthassignmentor a setof static

connection@ndanadaptatiorof the algorithmwasproposedo handlea setof failures.

B. NetworkOpemation

To date designproblemsn opticalnetworkshave considerea statictraffic demandandtried to optimize
the network costassumingvariouscostmodelsand survivability paradigms.Fastrestorationhasbeena
key featureaddressedh mostof the designs.Oncethe network is provisioned,the critical issueis how
to operatethe network in sucha way thatthe network performances optimizedunderdynamictraffic. In
this sectionwe presentwo importantobjectivesof network operation capacityminimizationandrevenue

maximization.

B.1 CapacityMinimization

For capacityminimizationwe decomposeaetwork operationinto threephasesa) initial call setupb)
short/mediuntermreconfiguratiorandc) long termreconfigurationTheinitial call setupphasés a static
optimizationproblemwherethe network capacityis optimized,given the topologyanda traffic matrix to

beprovisionedonthenetwork. Oncedemandsrrive dynamically they areadmittedoasednaroutingand



wavelengthassignmenalgorithm. Thenetwork cannotafford to run optimizationprocedureso routeevery
call thatarrivesdynamically As aresult,the utilization of the network capacityslonly degradeso a point
wherecalls may getblocked. This triggersvariousreconfigurationstageswhich try to betterutilize the
network capacity In short/mediuntermreconfigurationthe goalis to optimizeresourceconsumptiorfor

backuppathswhile not disturbingthe primary pathsof the currentlyworking connections Backuppaths
are usedonly whenthe primary pathfails, so reconfiguringbackupscauseso hit in service. If further
optimizationis required,along termreconfiguratioris triggered.

Thelong termreconfiguratiorproblemcanbe treatedasa staticformulationby allowing re-routingof
all working connectionsandoptimizingthe network capacityfor the completedemandset,comprisingof
both the currentworking demandsandthe new demands.On the otherhand,we could avoid disrupting
ary of the currentlyworking demandgby remaving the capacityusedby the currentworking demands)
andoptimizingthenetwork capacityfor thenew demandsTheformertreatmenprovidesthe bestcapacity
optimization. However, it is possiblethat all the currentconnectionamay be disrupted,which may not
be acceptable.The latter caseavoids disruptionto the currentworking paths,which may resultin poor
capacityutilization. To addresghis tradeof in the long term reconfiguratiorproblem,we captureservice
disruptionby addinga penaltyterm for disruptingexisting connectionsas explainedin Sectionlll. To
the bestof our knowledge,noneof the existing formulationsincludethe servicedisruptionaspecinto the
problemformulation. Althoughthe needfor differentstagesn network operationandtheir corresponding
triggeringmechanismsare of researchmportancewe do not addresghemin this paper We assumehat
thenetwork controlandmanagemennonitorsthenetwork dynamicsandtriggersdifferentreconfiguration

stagesWe usethetermsdemandsndconnectionsnterchangeablyn the paper

B.2 RevenueMaximization

Network serviceproviderscanoffer varying classeof servicesbasedon the choiceof protectionwhich
canvary from full protectionto no protection[7], [8], [9]. Basedon the serviceclasseswe divide the
traffic in the network into oneof the threeclasseiz., full protection,no protectionandbest-efort. The
first classcomprisesf high priority traffic which requirefull protectionin the opticallayer Many carriers
may have alreadyinvestedhugelyin their networks andtheir equipmenimay not supportprotectionand

suchapplicationshave to rely on the optical layer for protection. The secondclasscomprisesof high



priority traffic which requireno protectionin the opticallayer, asthey may alreadybe protectedoy higher
layerssuchas SONET. The best-efort classtriesto provide protectionfor the connectiondasedon the
resourcesvailable. Thesemay include IP traffic which have their own protectionmechanismshat are
slower, andasa resultoptical layer protectionmay be beneficial. Also, traffic which doesnot have ary

stringentprotectionrequirementshut canpayfor protectionif the network hasenougtresourcesvailable.
The network typically relieson the best-efort traffic for maximizingrevenue. We modify the framavork

for revenuemaximization,which includesa servicedifferentiationmodel basedon lightpath protection.
We considertwo variationson the best-efort class,variation1) every demands assigned primary path.
A backuppathis assignedf resourcesreavailable2) Acceptasmary demandsspossiblewith or without
backup.The objective is to maximizerevenue.Sincethe network typically relieson best-efort traffic for

revenue we compareheincreasen revenueobtainedoy thetwo variationsof the best-efort classwith the
caseof acceptingdemandsvithoutary protection.

Oneof the difficultiesin adaptingthe above formulationfor online reconfiguratiorin larger andmore
practicalnetworks arisesdue to the combinatorialnatureof the optimizationproblem. Theseproblems
typically take hoursto solwe for a few hundreddemandsn small networks with few tensof wavelengths.
This s still acceptablén the presenscenarioasit takesa few weeksto provision a new connection.We
presentechniguego prunethesizeof the ILPs for problemsizereduction.Several heuristicsanddecom-
positiontechniqueg5], [10], [11], [12], [13] arebeingexploredto significantlyreducethe computational
compl«ity of the original problem.

Part of thework in this paperis basedon earlierwork publishedin [14], [15]. Therestof the paperis
organizedasfollows. Sectionll introducesthe network modelandexploresthe choicesfor a restoration
architecturethe optimizationproblemsareformulatedin Sectionlll, SectionlV discussesechniquedor
problemsizereduction,n SectionV, we presenasolutionmethodologyor solvingthecombinedoroblem

for all classe®f demandsSectionVI discussesheresultsandSectionVIl concludeghe paper

Il. RESTORATION ARCHITECTURE

In this section,we discussthe network modeland motivatethe restorationarchitectureadaptedor our
formulation.

The optical layer model(shavn in Figure 1) consistsof nodesinterconnectedby links thatcanaccom-



modatemultiple fibers. In our formulation,we assumea singlefiber model. Eachfiber cancarry multiple
wavelengths. The numberof wavelengthswhich canbe carriedon a fiber is a technologicalconstraint,
which is expectedto increasefrom a few tensto a few hundredsn the comingyears. A lightpathis an
all opticalchannelwhichis assignedhe samewavelengthon all links alongtheroute,to provide a circuit
switchedconnectiorbetweerthe nodes.

Eachnodeconsistsof anopticalcross-connedfOXC) andopticalterminatingequipment.This may not
always be the case,as somenodesmay act asthroughnodes,whereoptical channelsarein transit. An
optical channelpassingthroughan optical cross-conneamnay be routedfrom aninput fiber to an output
fiber without undegoing optical-electronimptical (O-E-O) corversions. In our modelwe assumehat
the samewavelengthis assignedn all links alongthe route. Thusno wavelengthtranslationfunctionis
performedin the OXC. All cross-connectarewavelength-selecte. An optical channelis terminatedoy
opticalterminatingequipmentsuchasWavelengthAdd/Drop Multiplexers (WADMs). WADMs areused
to addor drop selectedvavelengthgo andfrom thefiber. Soary nodecanbe a sourceor destinatiorto a
connection.

A connectionrequestbetweena source-destinatioifs-d) pair is provided a primary lightpath and a
backuplightpath. We assumehat, eachlightpath, primary or backup,always accommodatean OAM
(operationadministrationandmaintenanceghanneterminatedy the sames-dpair asthelightpath. The
restoratiormodelis shawvn in Figure2. We assumeavavelengthcontinuougathsandwavelengthcontinuity
constrainimustbesatisfiedon all links alongtheroute. Whena primarylightpathfails, analarmindication
signalis generatedby thenodethatdetectghelink failure,andis transferredverthe OAM channel When
thesourcerecevesthealarmsignalin its OAM channeljt preparego setupthe precomputedbackuplight-
pathandsendamessage® the controllersalongthe backuppathto configurethe portsaccordingly Since
the backupis dedicatedor a given primary, the capacityis assumedo be resered, so no run time link
capacitysearchneedgo be performed.Oncethe backuppathis setup,the destinationpreparedo receve
on the backuppath. Thereis no restrictionin our modelfor the choiceof wavelengthon the backuppath.
It may or may not be the sameasthe primary path. The tuningtime andthe associatedostsareassumed
to be ngyligible.

Several survivability paradigmshave beenexplored for surviving single link failuresin mesh-based

networks [1], [2], [5], [9], [16]. They canbe classifiedbasedon their route computationand execution



mechanismsaiscentralized/distribted, by their re-routingaspath/link basedpy their computatiortiming
aspre-computed/redime, andtheir capacitysharingasdedicated/shared.ink basedestoratiormethods
re-routedisruptedraffic aroundhefailedlink, while pathbasede-routingreplaceshewholepathbetween
the sourceanddestinationof a demand.Link basedapproachrequiresthe ability to identify a failed link
atbothits endsandmakesrestoratiormoredifficult whennodefailureshappen.The choiceof restoration
pathsis limited, andthus may use more capacitythanrequired. The pre-computedhpproachcalculates
restorationpathsbeforea failure happensandreal time approachdoesso after the failure occurs. The
former approachallows fastrestorationasthe pathsare pre-computedwhile the latter approachs slow,
asthe alternatepathis computedafter the failure is detected.Centralizedrestorationmethodscompute
primaryandrestorationpathsfor all demandst a centralcontrollerwherecurrentinformationis assumed
to be available. The pathsarethendownloadedinto eachnodes routetables.Thesealgorithmsareusually
path based. They may usepre-computedoutesor detectroutesat run time. As explainedabove, since
this stepneedsto identify failure, ascertairthe remainingtopology and capacityand thenfind the best
alternateroutefor the affecteddemandsthe procedurds very slow. Giventheimportanceof restoration
speedand potentialdifficulty in fastfailure isolationin optical networks, this approachs thereforenot
very attractve. Centralizedschemesvhich involve pre-computedoutesaremore conducve for practical
implementationsHowever, maintainingup-to-daténformationrequiresrequentcommunicationgetween
thenodesandthecentralcontroller This overheadecomes potentialproblemasthenetwork sizegrows.
Distributedmethodsmay involve pre-computedablesof routes,anddiscorerscapacityin realtime. Real
time capacitydiscovery is slow andthe capacityutilization maybeinefficient. Distributedpre-computation
of restorationrouteis an attractve approach.Capacitysharingamongthe primary andrestorationpaths
canbe dedicatedor shared. The dedicatedechniqueusesl:1 protectionwhereeachprimary pathhasa
correspondingestorationpath. In the sharedcaseseveral primariescan sharethe samebackuppath as
long asthe primariesarenodeandlink disjoint. This schemds calledthe backupmultiplexing technique
[9]. Theseparadigmssene as a good framewvork for analyzingthe different designmethodologiesas
eachdesignmethodologyusesa restoratiormodelwhich is a combinationof the differentparadigmgust

described.



A. Restoation Model

We considerl00% restorationguarantedor ary single nodeor link failure for protectedconnections.
This meansthat primary and restorationpathsof protectedconnectionsare allocatedthe samecapacity
and arenodeandlink disjoint. We employ backupmultiplexing techniqueto improve the wavelength
utilization. This techniqueallows mary restoratiorpaths belongingto demand®f differentnodepairs,to
shareawavelengthA onlink [ if andonly if their correspondingrimary pathsarelink andnodedisjoint. It
shouldbe notedthat, althoughevery primary lightpath,hasa correspondindpackuplightpathdedicatedo
it, wavelengthson alink canbe sharedby restoratiorpathsbelongingto demandf differentnodepairs,
aslong astheir primary pathsdo not shareary commonlinks. Thisimproveswavelengthutilization, while
providing 100%guaranteainderthe singlefault assumption.This is dueto thefactthatno singlefailure
will causetwo primary pathsto contendfor the samebackupcapacity We have the following constraints
in our restoratiormodel.

« Numberof connectionglightpath)on eachlink is bounded

« Levelsof protection

— Full protection:Every demands assigned primaryandabackuppath

— No protection:Every demands assigneanly a primary path

— Best-efort protection: (i) Every demandis assignedh primary path. A backuppathis assignedf
resourcesreavailable(ii) Acceptasmary demandsspossiblewith or without backup.

« No backupsareadmittedwithouta primaryi.e., for every nodepair, the numberof primariesaccepted

is equalto or greaterthanthe numberof backups.

« Primary pathwavelengthrestrictions: Only one primary path canusea wavelength\ on link [, no

restoratiorpathcanusethe same\ onlink [

« Restoratiorpathwavelengthrestrictions:Many restoratiorpathscansharea wavelength) onlink [ if

andonly if their correspondingrimary pathsarelink andnodedisjoint

» Primaryandbackuppathsfor a givendemandshouldbe nodeandlink disjoint.

I11. FORMULATION OF THE OPTIMIZATION PROBLEM

In this section,we presenthe ILPs for network capacityminimizationandadaptthe formulationto in-

cludeservicedifferentiationbasedn lightpathprotection for revenuemaximizationin wavelengthrouted



opticalnetworks.

Thefollowing informationis assumedo be given: the network topology a demandmatrix consistingof
thenew connectionso beestablishedor eachclass andthesetof currentworking connectionsWeassume
thatatwo alternataouteshetweereachnode-paiiis precomputeéndgiven. Eachroutebetweerevery s-d
pairis viewed asW wavelengthcontinuouspaths(lightpaths),onefor eachwavelengthandtherefore we
do not have anexplicit constrainfor wavelengthcontinuity Informationregardingwhetherary two given
routesarelink andnodedisjoint arealsoassumedo be given. The ILP solutiondetermineghe primary

andbackuplightpathsfor thedemandsetandhencedeterminesheroutingandwavelengthassignment.

A. Notation

The network topologyis represente@sa directedgraphG (N, L) with N nodesand L links with W
wavelengthson eachlink. We alsoassumehattwo alternatepaths,which arenodeandlink disjoint, for
eachs-dpair, areusedto provide survivability. It hasbeenshavn in [17] thattwo alternatgpathsareusually
sufficientto achieve goodperformanceThefollowing notationis used.

« n=1,2...,N: Numberassignedo eachnodein the network

« [ =1,2...,L: Numberassignedo eachlink in the network

e A=1,2...,W: Numberassignedo eachwavelength

i,7=1,2..., N(N — 1): Numberassignedo eachs-d pair

K = 2 alternataoutesbetweerevery s-d pair

p,r=1,2, ..., KW: Numberassignedo apathfor eachs-dpair. A pathhasanassociateevavelength

(lightpath). Eachroute betweenevery s-d pair hasW wavelengthcontinuouspaths. Thefirst 1 <
p,r < W pathsbelongto routel andW + 1 < p,r < 2W pathsbelongto route2

o p,7=1,2,..., KW:if 1 <p,r <W (routel),thenW + 1 < p,7 < 2W (route2) andvice versa

« (i,p) : Refersto the pth pathfor s-dpair i

« d;: Demandor nodepair, in termsof numberof lightpathrequestEachrequests assignea primary
andrestoratiorroute.

Thefollowing costparameterareemplo/ed.

« C): Costof usingalink [ (data)

o Cy: Costof disruptinga currentlyworking path(data)
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o Cnp: Costof aprimarypath(data)

« Cp: Costof abackuppath(data)

Informationregardingwhetherntwo givenpathsarelink andnodedisjoint

o i), takesavalueoneif paths(i, p) and(j, r) have atleastonelink in common,zerootherwise.
If two routessharea link, thenall lightpathsusingthoserouteshave the corresponding valuesetto
1, else0. (data).

Thefollowing notationsareusedfor pathrelatedinformation

« 0%P: Pathindicatorwhich takesavalueoneif (i, p) is choserasa primarypath,zerootherwisg(binary
variable)

« 4" Pathindicatorwhich takes a value oneif (i,r) is chosenas a restorationpath, zero otherwise
(binaryvariable)

. ef’p: Link indicator which takesa valueoneif link [ is usedin path(z, p), zerootherwise(data)

. 1pf\’p: Wavelengthindicator which takes a value oneif wavelength is usedby the path (i, p), zero
otherwise(data)

« g, takesavalueoneif wavelength) is usedby somerestorationroutethattraverseslink [ (binary
variable)

« X“P: Pathindicatorwhichtakesavalueoneif (i, p) is acurrentlyworking primarypath,zerootherwise
(data).We areonly interestedn the primary pathsof the currentworking connectiorastherestoration

pathscanbere-assigned

B. ProblemFormulations
B.1 CapacityMinimization

Objective:Theobjective is to minimizethe network capacity Thefirsttermin objective function(Equa-
tion (1)) denoteghe capacityconsumedy primary paths,andthe seconderm denoteghe capacitycon-
sumedby backuppaths. The lasttermis a penaltyterm. If a currentlyworking connection(x*? = 1) is
re-assignedh thefinal solution(§*P = 0), thenthe objectve valueis penalizedby addinga costC,, toit.
Minimize

N(N-) KW L L W
POEDBLADILLCEDIPIEC
=1

i=1 p=1 =1 =1
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+ ) D P —6"P)Cy (1)

Restoation pathwavelengthusage indicator constaint: g;  takesavalueoneif wavelength\ is usedby

somerestoratiorroute(i, r) thattraversedink [. Constraintg3) and(4) setg; y = 1,if X; y > 1

N(N-1) Kw
X = Z ZV””W\T 2)
ax < X (3)
N(N -—1)WKgi» > X5 (4)

I1SISLIISASW, X;0>0

Link capacityconstaint:

Zéz”’e’HZglmW 1<I<L (5)
1 :

1=

Demandconstaintsfor ead nodepair

> 6P =d; 1<i<N(N-1) (6)

> oV =d 1<i<N(N—1) (7)

Primary path wavelengthusage constaint: Only one primary pathcanusea wavelengthA onlink 7, no
restoratiorpathcanusethesame\ onlink /.

N(N-1) Kw

S PGP+ ga < 1 (8)

i=1 p=1
1<I<LI<KASW

Badkup multiplexing constaint: If I is one,thenonly oneof therestoratiorpathscanusea wave-

1,5),(JT)

length\ onalink [ asbackup sincethe primary pathsshardink(s) on theirroute

WP + v i) (i) <1 (9)

1 Sza.] SN(N_]')?]- Spaﬁa’ra'FSKW
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Constaint for topolayical diversity of primary and badup paths: Primaryandrestoratiorpathsof a given
demandshouldbe nodeandlink disjoint

Z Fr= Y (10)

r=W+1

Z 5P = Z v (11)

p=W+1

The ILP canbe usedin differentphaseof network operationby appropriatelysettingthe C,, value. For
example,in theinitial call setupphaseall x*Ps arezeroasthereareno working connections Hencethe
third termin Equation(1) is zero. The higherthe valueof C,,, morethe guaranteghat primary pathsof
the working connectionswill remainunafected. In the short/mediunreconfiguratiorphase the costof
Cy, istypically setvery high for the primary pathsof theworking connectionslt is to be notedherethata
highvalueof C,, doesnotguarante¢hatthe primarypathwill notbere-routedn thefinal solution.Hence
to avoid disruptionto primary pathsof working connectionsthe capacityconsumedy themshouldbe
removed andthe backupcapacityconsumptiorcanbe optimized. In the long termreconfiguratiorphase,
anintermediatevalue of C,, is choseno capturethe tradeof betweerpossiblydisruptingall connections

andavoid disruptingany connection.

B.2 RevenueMaximization

Objective: The objectie is to maximizethe revenue.Eachdemandranslatesnto a primary pathanda
backuppathfor full protectionclass,or only primary pathfor no protectionclass,andeitheronly primary
or bothprimaryandbackuppathfor best-efort classdependingnthe capacityavailable. Thefirst termin
Equation(12), denotegherevenuegeneratedrom primary paths andthe secondermdenotesherevenue
from backuppaths.Thelasttermindicatesthatif a currentlyworking connection(x*? = 1) is re-assigned

in thefinal solution(§%P = 0), thenthe objective valueis penalizedby subtractinga costC,, fromiit.

Maximize
N(N-1) N(N-1)
I SCRCTED S SIS S S U R
i=1 p=1 i=1 p=1 i=1 p=1

Restoation pathwavelengthusage indicator constaint:

N(N-1) Kw

Xppn= Y S eyl (13)
1 =1



g < X
N(N-1)WKg; ) > X5

1<I<LISASW, X320

Link capacityconstaint:

N(N-1) KW o w
YD PGP Y gaA<W 1<I<L
A=1

=1 p=1
Primary pathwavelengthusaye constaint:
N(N-1) KW o )
S Y PGP + g < 1
=1 p=1
I1<I<L1<A<W

Badkup multiplexing constaint:

P+ Y i) i) < 1

1 S[Laj SN(N_]')’]- Spaﬁa’ra":SKW

Constaint for topolagical diversity of primary andbadup paths:

W KW )
Satr= 3 Ui 1<i<N(N-1)
p=1 r=W+1

KW ] W
oo =) 1<i<N(N-1)

13
(14)

(15)

(16)

17

(18)

(19)

(20)

Demandconstaints for ead nodepair: Only oneof the serviceclasseglescribedoelow is active in the

formulation. For solvingthecombinedoroblemfor all classeswe adopta differentprocedureasexplained

in SectionV.

« Full protection:Every demands assigned primaryandabackuppath. Thenumberof full protection

demanddor nodepair i is denoteddy d;; .

KW )
6P =dy 1<i<N(N—1)
p=1

KW )
S =dy 1<i<N(N-1)
r=1

(21)

(22)
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« No protection:Every demands assignednly a primary path. The numberof no protectiondemands

for nodepairi is denoteddy d;s.

Kw

6P =dyy 1<i<N(N-1) (23)
p=1

KW ]

d =0 1<i<N({N-1) (24)
r=1

« Best-efort protection:Only onevariationof thebest-efort serviceclasscanbeusedn theformulation.
This assumptiorholdswhenthe problemis solved for all classes.(i) Every demandis assigneda
primarypath.A backuppathis assignedif resourcesreavailable. Thenumberof best-efort demands

for nodepair i is denotedy d;s.

KW ]

D8P =dis 1<i<N(N-1) (25)
p=1

KW )

> UM <dis 1<i< N(N-1) (26)
r=1

« Best-efort protection:(ii) Acceptasmary demandsspossiblewith or without backup.The number

of best-efort demandgor nodepair i is denotedoy d;s.

KW

D8P < dis 1<i<N(N-1) (27)
p=1

KW )

> UM <di 1<i< N(N-1) (28)
r=1

Best-diort classconstaints: Theseconstraintsaareusedonly whenthe best-efort classdemandsarebeing

solved. For best-efort variation 2 classdemandgEquations(27) and (28)), no backupsare admitted
without a primaryi.e., for every nodepair, the numberof primariesaccepteds equalto or greaterthan

the backups. This constraintis requiredto ensurethat when best-efort variation 2 classdemandsare

admitted theILP doesnotadmitmorebackupghanprimaries.Thetopologicaldiversity constrainthasto

be modifiedwhile solvingfor besteffort classdemandsThisis becauseall primariesneednotbeaccepted
with backupsBoth theseconstraintsanbe statedogetherasfollows.

W KW )
o> N M 1<i< N(N-1) (29)
p=1 r=W+1



15

KW ) w )
oo >y 1<i<N(N-1) (30)
p=W+1 r=1

In Equation(12), the lasttermindicatesthatif a currentlyworking connectionx®? = 1) is re-assignedh
the final solution (6 = 0), thenthe costC,, is subtractedrom the objective and sincethe objective is
to maximize,it ensureghat serviceis not disruptedunlessotherwiseto increaserevenue. The choiceof
C,, offersflexibility to the network provider. Althoughthe network would like to avoid servicedisruption
to all connectionsthere may be somecustomerswvho are willing to pay more and do not wish to be
disturbed.This canbe accommodatetly modifying C,, to be pathspecific(c?) andsettinga highercost
for disruptingsuchconnections.

The numberof variabless*? andv** grow rapidly with network size. This effect is more pronounced
with anincreasdn the numberof wavelengthsFor anetwork of size N = 14, W = 32 andK = 2, there
areK * W = 2x 32 instance®f eachvariablefor everynodepair. SincethereareN x (N —1) = 182 node
pairs,we have 11,6486%P variablesand11,648.%P variables. The numberof equationswill be roughly
125million (11, 6482). Thusthe problemis complex evenfor smallnetworks.

In the next sectionwe discusgechniquedor ILP problemsizereduction.

IV. ILP PROBLEM SIZE REDUCTION

In this sectionwe discusgechniquedor ILP problemsizereduction.

A. Pruningthe Variables

As explainedin the previous section,the numberof variabless®? andv*? grow rapidly with network
size. A smartersolutionwould beto consideronly variablesthatarerelevantto the problemat hand. This
impliesthatvariableswhich arezeroareremoved. If a nodepair doesnot have ary demandgo berouted
betweerthem,thenall thevariablesrelatingto thatnodepair areremoved.

For anetwork of sizeN = 14, W = 32 andK = 2, thereare K * W = 2 x 32 instance®f eachvariable
for every nodepair andthereare N x (N — 1) = 182 suchnodepairs. For every nodepair thatdoesnot
have demandso beroutedbetweerthem,we getareductionof K « W = 232 instance®f eachvariable.
We alsogetareductionof K x W = 2 *x 32 equationdor eachof the constraintsandsoif only 10 node

pairshave demandso beroutedbetweerthem,we have to dealwith 13202 insteadof 11, 6482 equations.
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Furtherreductionsare possibleby consideringonly links thataffect the specificinstanceof demandgo
be provisioned.For eachlink not consideredwe getareductionof 2482 equationsThe above discussions

suggesthatit is necessaryo carefullyenumeratehe constraints.

B. DemandNormalizationTechnique

Anotherprocedurewhich resultsin significantproblemsize reductions,s the demandnormalization
technique. Sincewe dealwith wavelengthcontinuousrequestchunksbetweennode pairs and sinceall
demanddetweenrevery nodepair sourceandsink at the samenodes we do not distinguishbetweereach
of thoserequests.

In orderto reducethe solutionspacewe treateachchunkof requestbetweerevery demandoairasone
entity. Sincethewholenetwork shouldhave a consistenview of eachentity, we normalizethedemandsets
by finding the greatestommondivisor for all the demandrequestsanddividing eachdemandsetby that
factor The capacityon all links arealsonormalized.This resultsin a scaleddown versionof the original
problemwhichis lessdifficult to solve.

Sincethe capacityon eachlink is normalized,the numberof wavelengthsiW reducesby a factor of
m, wherem is the greatestommondivisor of the demandsets. Consideringhe network with N = 14,
W = 32 andK = 2, andif m is say2, the numberof variablesreducesby a factorof 2 andwe areleft
with 6602 equationsvhichis a1/m? reduction.Thistechniquecanyield considerableeductionif m were
to becomparableo 1. An appropriatgrocedurghatcanbeadoptechereis to adjustdemandequestso

obtainam comparabléo W andsolutionbeadjustedaccordingly

V. SOLUTION METHODOLOGY

In this sectionwe describehe solutionmethodologyfor solvingtherevenuemaximizationproblemfor
all classe®f demands.
Multistage Approad: As explainedearlier the numberof variablesgrow rapidly with the network size.
We presenta multistagesolutionmethodologyto solve the combinedproblemfor all classeof demands.
At eachstagethe problemis solvedfor oneof the classesandtheresultis usedin successik stages.
Stage 1: In thefirst stage we solwve for the primary pathsof full protectionandno protectionclassesThe

following modifiedmaximizationproblemis solved atthis stage.
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Maximize

N(N-1) KW ‘
> > PCwp (31)
i=1 p=1
Demandconstaint:
KW
D8P =diy + di 1<i<N(N-1) (32)
p=1
Link capacityconstaint:
N(N-1) Kw o
YooY gt < W 1<I<L (33)
i=1 p=1

Thesolutionto theabove ILP is asetof primary paths(choserpathswill have 6P = 1). For the next stage,
for every P = 1, in the Stagel solution,the corresponding*? variabless setto 1 in Stage2. Thus,the

solutionfrom Stagel is fed to Stage2 asworking primary paths.

Stage 2: In this stage we solve the original problempresentedn Sectionlll-B.2. Thedemandconstraints
for full protectionclass(Equationg21) and(22)), no protectionclass(Equationg23) and(24)) andbest-

effort variation2 class(Equationg27) and(28)) aremodifiedasfollows.

KW )
>8P > diy + dig 1<i<N(N —1) (34)
p=1
KW )
6P < diy + dig + di 1<i<N(N-1) (35)
p=1
KW ]
S >dy 1<i< N(N-1) (36)
r=1
KW )
S UM <diy +dis 1<i<N(N —1) (37)
r=1

It is to benotedherethatwe do not distinguishbetweerdemanddgrom differentserviceclassedor a given
nodepairi. Whenthe ILP solves, the resultis interpretedasfollows. Thefirst d;; + d;j2, 6*P variables
which aresetto 1, areconsideredo bethe primary pathsfor the full protectionandno protectionclass.
Any feasiblesolutionto the ILP hasto satisfythis constraint.Similarly, thefirst d;;, " variableswhich
aresetto 1, areconsideredo bethe backuppathsfor thefull protectionclass.Equation(36) ensureghat
thebackuppathsfor full protectionclassdemandsrechoserin this stage Any excessprimaryandbackup

variableswhich arechosenareconsideredo belongto the best-efort class.
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Effectof C,: The effect of the solution dependson the value of C,,, the higherthe value, more the
guarantedhat the pathwill remainunafected. It is to be notedherethat a high value of C,, doesnot
guarante¢hatthe primary pathwill notbere-routed.Typically, thisvalueis setto besomef = 3,4 times
thecostof primarypaths.Thisimpliesthattheincreasean theobjective valuefor choosings primarypaths
is lost for disruptingoneexisting path.

Compleity: We provide someinsightsinto a possiblereductionin complity at eachstageof the multi-
stagesolutionmethodology To understandhe reductionin complity at eachstage et usfirst examine
the stagel of the solution. Sincewe areinteresteconly in the primary pathsfor the full protectionand
no protectionclassin the stagel (backupswill be chosenin the stage2 of the solution). This is a direct
reductionin compleity becausewe do not considerthe v*P variablesin the formulation. The stage2
compleity dependn the value of Cy,. The higherthe value of C,,, more the guaranteghat the path
will remainunafectedin the final solution. Sincethis stagestartswith a initial solution,theremay be a
decreasén the numberof combinationghatneedto be explored,hencea fastersolutioncanbe obtained.
However, it shouldbe clearly notedthat,a highervalueof C,, doesnot guarante¢hatthe solutionwill be
faster Thisis becausethe ILP canchooseto re-routeary or all of the existing connectionsin anattempt
to maximizethe objective. Although, the worst casecompleity of stage2 is sameasthat of solvingthe

combinedproblemfor all classe®f demandstypically the solutionis obtainedmuchfaster

V1. RESULTS

We useCPLEX Linear Optimizer5.0.1[18] to solwe the ILPs. The combinedrouting andwavelength
assignmenproblemis known to be NP-Completg19] andthe problemsaddressedh this paperare ex-
pectedto be NP-Completeaswell. As a result,theseformulationsare not easilyadaptabldor real-time
reconfiguratiorin larger andmore practicalnetworks. We usethe techniquesliscussedn SectionlV for
problemsize reduction. Several heuristicsand decompositiortechniqued5], [10], [11], [12], [13] are
beingexploredto significantlyreducethe computationatompleity of theoriginal problem.

We demonstratéhe effectivenessof our formulationon the 14 node21 link NSFNETtopology (shavn
in Figure 3) with onefiber perlink and 10 wavelengthsper fiber. For comparingthe increasen revenue
got by two variationsof the best-efort class,we shav resultsfor variousdemandsetson the NSFNET

topologyandthe 20 node32 link ARPANET topology(shavn in Figure4).
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A. CapacityMinimization

Initial call setup:Considerasetof 25demandslistributeduniformly across nodepairsasshavnin Table
I. In the staticoptimizationstage thereareno currentworking connectionandhencethe demandmatrix
is to be provisionedby providing a primary andbackuppathfor eachdemand.The resultingroutingand
wavelengthassignmenis shavn in Tablel. Theobjective valuefor thelLP is 95.
Longtermreconfiguation: To understandhe working of the ILP for long termreconfigurationconsider
thenodepairs,their alternateroutes andaninstanceof the primary pathsof the currentlyworking connec-
tionsontheirroutes,asshavn in Tablell. ThelLP will try to avoid servicedisruptionto the primarypaths
of theworking connectionsThesepathsareinputto theformulationthroughthe yi, p variable.

ThelLP wassolvedfor nodepairsshavn in Tablell with C; = 1 andC,, = 4. Theeffectof thesolution
dependon the value of C,,, the higherthe value, morethe guaranteehat the working pathwill remain
unafected.Thisvalue(C,,) is setto be someg timesthecostof primarypaths(Cy p). Typically thevalue
of 3 is setto 3 or 4. For every connectiorthatis disturbedtheobjective valueis penalizedby afactorC,,.

Let nodepairs1,32,110,16Fequests connectionseachand nodepair 27 require6 connections.The
total numberof connectionsequestedetweereachnodepair includethosewhich arecurrentlyworking.
The resultingroute and wavelengthassignments$or the demandsare shavn in Tablelll. The objectve
valuefor thelLP is 53.

The connectionavhich weredisturbedaredenotedn Tablell by anasterisk(*). The currentlyworking
connectionswvere deliberatelychosento demonstrateéhe working of the ILP. The connectionghat are
disturbedarethe oneswhich uselinks wherebackupscanbe multiplexed. To understandhis better take
thecaseof nodepairs1 and27. They sharealink (3 — 2) on oneof theirroutes.Sinceboththe nodepairs
have atleastonedisjoint route, the routescorrespondingo link 3 — 2 could be usedfor multiplexing the
backuppaths.Thusthe primary pathsof connectionsisingwavelengthAs onroutel — 3 — 2, and A, Ao
onroute3 — 2 — 1, werere-assignedo routesl — 2 and3 — 1 respectiely.

In short/mediunreconfiguratiorstage the goalis to optimizeresourceconsumptiorfor backuppaths.
Thehigherthevalueof C,,, moretheguarante¢hatprimary pathsof theworking connectionsvill remain
unafected. In the short/mediunreconfiguratiorphase the costof C,, is typically setvery high for the

primary pathsof theworking connectionsilt is to be notedherethata high valueof C,, doesnotguarantee
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thatthe primary pathwill notbere-routedn thefinal solution,henceto avoid disruptionto primary paths
of working connectionsthe capacityconsumedy themberemovedandthebackupcapacityconsumption

canbeoptimized.

B. RevenueMaximization

Considetthefollowing costrelationshipbetweerthe primaryandbackuppaths.Cp = a * Cy p, where
0 < a < 1. Thetotal revenueis calculatedas (#totalprimaries * Cyp + #totalbackups x a % Cp)
costunits(cu). The network relieson the best-efort classto increaserevenue. We comparethe increase
in revenuegot by the two variationsof the best-efort classwith a basecaseof acceptingall connections
without ary protection. We shaw resultsfor Cyp = 500cu andfor two valuesof a = {1,0.5;. The
resultsfor variousdemandsetson NSFNETand ARPANET topologiesareshaovn in TablelV andTable
V respectrely. For particularinstance®f demandswe seethatthe best-effort variation1 resultsin a67%
gainin revenueand variation 2 achieres an additional6% gain, for « = 1. The casesare comparedo
the revenuegeneratedy acceptingall demandswithout protection(#primaries * Cyp). For example,
considerthe caseof 48 demanddor o = 1 in TablelV. Thebasecaseacceptingall demandswithout ary
protectionresultsin 48 x Cyp = 24,000cu. Thetotal revenuefor variation1is 48 « Cyp + 32 Cp =
40, 000cu, whichis a66.7%gain. Therevenuefor variation2 is 44 x« Cnxp + 39 x Cp = 41, 500cu, which
is a72.9%gain. Although,bothschemegmploy backupmultiplexing, thefirst variationhasno choicebut
to chooseall the primary pathsandthentries to accommodat&dackupsandsois restricted. The second
variationbetterexploits the backupresourceconsumptiorby effectively multiplexing moreconnection®n
the samewavelength thusacceptingnoreconnectionandgenerating slightincreasen revenue.

We nowv demonstrateur multistagesolutionmethodologyonthe NSFNETtopology We considerade-
mandsetcomprisingof 48 demandsvith 12 demandsn full protectionclass,12 demandsn no protection
class,and 24 demandsn best-efort class,distributed uniformly acrossfour nodepairs. The costvalues
usedareCyp = 500, Cp = 500(a = 1), Cy, = 500(5 = 1).

In thefirst stagetheproblemis solvedfor full protectiondemandsWe assumeéhatthereareno currently
working connectionsThus,the valueof x*? for all the nodepairsis zero. The ILP determinech feasible
solution,which is a setof paths,with a routeandwavelengthassociatedavith eachof them,for all the 12

demandsn thefull protectionclass.This setof paths,is fed into the secondstageby settingthe associated
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x"P variablesto 1. The problemis thensolved for full protectionandno protectionclassesThe 12 paths
choserfor full protectionclassareassumedo be working pathsin this stage.The ILP assignegrimary
pathsfor all full protectionandno protectiondemandsith anobjective valueof 11,500.

Although,the objective valueis of no relevanceaslong aswe know the numberof primaryandbackups
selectedit is interestingo seehow thelLP handlesservicedisruption.Sincethe ILP determinedafeasible
solutionfor all thefull protectionandno protectiondemandsthe objective valueis expectedto be 12,000,
but the valuegotis 11,500(24*Cnyp — 1 x Cy,). Thiswasdueto the factthat oneof the full protection
demands primary pathwasre-assigned Theobjective valueincurreda penaltyfor disturbingthe connec-
tion. Thus,by appropriatelychoosingC,,, asexplainedin SectionV, this aspecbf theformulationcanbe
usedto try andavoid servicedisruptionsto existing connectionsgn the network.

This setof primary pathsis thenfed to thethird stage.Thethird stagesolvesthe problemfor all classes.
Thevalueof C,, is setto 1500(5 = 3). As explainedin SectionV, Equation(30) ensureghatbackupgor
all demandof thefull protectionclassarechosen.Thefinal solutionatthe endof thethird stageis shavn
in TableVI. Thedemandsejectedarethosebelongingto the best-efort class.Thetotal revenuegenerated

for provisioningthe completedemandsetfor all classess 45 x Cyp + 36 x C'p = 58, 500cu.

VIlI. CONCLUSIONS

In this paper we consideredwo importantobjectives of network operation:(i) capacityminimization
and(ii) revenuemaximization. We formulatedthreephasesn survivable WDM network operationviz.,
initial call setup, short/medium-termeconfigurationandlong-termreconfiguration All threephasesre
derived from a singleinteger linear programmingormulation. This commonframework includesservice
disruption.

We modifiedthe framework for revenuemaximization,which includesa servicedifferentiationmodel
basedon lightpath protection. The combinedproblemfor solving demanddrom variousserviceclasses
canbequite comple. We proposech multistagesolutionmethodologyto solve individual serviceclasses
sequentiallyand combinethemto obtaina feasiblesolution. We provided costcomparisonsn termsof
increasen revenuegot by variousserviceclasseswith the basecaseof acceptingdemandswithout ary
protection. For particularinstancesof demandswe seethat the best-efort variation 1 resultsin a 67%

gainin revenueandvariation2 achievesanadditional6% gain,for « = 1. We arecurrentlyworkingon a



22

heuristicalgorithmbasedon the LP relaxationtechnique for fast,nearoptimal, online reconfiguratiorin

large survivable optical networks.
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Nodepair | Alternateroutes| Primarypaths Backuppaths
1 12 AL, A2, A3, Ag, As -
132 - AL, A2, A3, Ad, As
27 31 AL, A2, A3, Ag, As -
321 - AL, A2, A3, Ad, As
110 9456 AL, A2, Mg, Ag, Ag -
912136 - AL, A2, A, Ag, Ag
142 11613 A1, A2, Ad, Ag, Ag -
11101213 - AL, A2, A, Ag, Ag
167 13611 - A, A2, gy As, Ag
13121011 | A1, A2, A, Mg, Ao -
TABLE |
STATIC OPTIMIZATION STAGE
Nodepair | Alternateroutes| Primarypathsof working connectiongwavelengths)
1 12 AL, Ao
132 A5 *
27 31 A1, A2, A3
321 *A1, A2*
110 9456 A7, A8
912136 As
167 13611 As*, Ag*, A1o*
13121011 A3
32 3657 AL, Ao
3287 A3, A4
TABLE I
LONG TERM RECONFIGURATION STAGE
Nodepair | Alternateroutes Primaries Backups
1 12 )\1,)\2,)\3,)\&)\10 -
132 - )\1,)\2,)\3,)\6,A10
27 31 A1, A2, A3, A6, Ao A9
321 )\9 )\1,)\2,)\3,)\6,)\10
110 9456 A3, A6, A7, Ag As
912136 As A3, A6, A7, Ag
167 13611 - A3, Ag, A7, Ag, A1g
13121011 A1A3, A, A7, Ag -
32 3657 A1, A2, A3, A1 A4
3287 A1 AL, A2, A3, Aro
TABLE I

ROUTE AND WAVELENGTH ASSIGNMENT
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a=1 a=05
Demand Best-efort 1 Best-efort 2 Best-efort 1 Best-efort 2
Primary | Backups| Primary | Backups| Rejected| Primary | Backups| Primary | Backups| Rejected
12 12 8 12 8 0 12 8 12 8 0
20 20 16 20 16 0 20 16 20 16 0
24 24 12 21 18 3 24 12 21 18 3
32 32 20 28 27 4 32 20 29 26 3
36 36 22 33 28 3 36 22 33 28 3
44 44 30 41 36 3 44 30 41 36 3
48 48 32 44 39 4 48 32 46 36 2
TABLE IV
INCREASE IN REVENUE FOR THE TWO VARIATIONS OF BEST-EFFORT CLASS (NSFNET)
a=1 a=05
Demand Best-efort 1 Best-efort 2 Best-efort 1 Best-efort 2
Primary | Backups| Primary | Backups| Rejected| Primary | Backups| Primary | Backups| Rejected
12 12 8 12 8 0 12 8 12 8 0
20 20 16 18 18 2 20 16 20 16 0
24 24 12 20 20 4 24 12 20 20 4
32 32 20 28 28 4 32 20 28 28 4
36 36 20 32 28 4 36 20 32 28 4
44 44 28 40 37 4 44 28 41 34 3
48 48 24 40 40 8 48 24 41 38 7
TABLE V

INCREASE IN REVENUE FOR THE TWO VARIATIONS OF BEST-EFFORT CLASS (ARPANET)

| Nodepair Classl Class2 Class3 | Primarypaths| Backuppaths|

1 3 3 6 10 10
2 3 3 6 11 10
3 3 3 6 12 8
4 3 3 6 12 8
45 36
TABLE VI

SOLUTION AT THE END OF THE THIRD STAGE

Fibers

Link Link

Fig. 1. OpticalLayerModel
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Fig. 2. RestoratiorModel
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Fig.3. Thel4node2llink NSFNET

Fig. 4. The20node32link ARPANET
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