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11.1 INTRODUCTION

The everincreasinggrowth of the currentinternettraffic volumeis demandinga
bandwidthwhich canonly be satisfiedby meansof optical technology However,
while WDM networkswill bring anunprecedentedmountof availablebandwidth,
traffic managementechniquedhecomenecessaryn orderto make this bandwidth
readily availableto the enduser In this chapterwe provide an overview of traffic
managementechniquedor IP over WDM networks. More specifically we address
the following issues: i) Why is traffic managemenhecessaryn IP over WDM
networks? andii) Whatarethe traffic managementechniquesurrently proposed
for IP over WDM?

Concerningthe first issue,we provide an intuitive, ratherthan mathematically
concise gxplanationaboutthe specificfeaturesof Internettraffic thatmale IP traffic
managemenparticularlychallenging. Internettraffic shavs self-similarity features
andthereis a lack of practicalnetwork dimensioningrulesfor IP networks. On
the other hand, the traffic demandsare highly non-stationaryand, therefore,the
traffic demandmnatrix, whichis theinputfor ary traffic groomingalgorithm,is time-
dependentFurthermoretraffic sourcesannotbeassumedo behomogeneousince
veryfew usergproducealargefractionof traffic. In dynamiclP overWDM networks
we experiencethe problemof the multiservicenatureof IP traffic. Sincea myriad
of new servicesand protocolsare beingintroducedon a day-by-daybasisit turns
out that the provision of quality of serviceon demandbecomescomplicated. We
analyzethe serviceandprotocolbreakdaevn of a real Internetlink in orderto shav
the compleity of thedynamicQoSallocationproblem.

Regardingexisting and proposedraffic managementechniquesve distinguish
betweerstaticanddynamicWDM networks. StaticWDM networksaredimensioned
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beforehandand the dynamicbandwidthallocation capabilitiesare very restricted.
Suchstaticbandwidthis not well suitedto the bursty natureof Internettraffic and,
asaresult,traffic peaksrequirebuffering, which is difficult to realizein the optical
domain. Deflectionrouting techniques,using the sparebandwidth provided by
overflow lightpaths, have beenproposedas a techniqueto minimize packet loss
and reduceoptical buffering to a minimum. We investigatethe advantagesand
disadwantagesf suchtechniqueswith emphasison the particularfeaturesof IP
overflow traffic. In thedynamicWDM networksscenariove studythe OpticalBurst
Switchingparadigm[31] asa meango incorporatecoarsepacket switchingservice
to theIP over WDM networks.

To endup the chapterwe focuson end-to-endssuego provide QoSto the end
userapplications.Dueto theavailability of Tbpsin asinglefibertheTCPneedgo be
adaptedo this high-speedcenario.Specifically we analyzethe TCP extensiondor
high-speedtogethemwith split TCP connectiongechniquesasa solutionto provide
QoSto theenduserin a heterogeneousccess-backbormetwork scenario.

11.1.1 Network scenario

Along the chaptemwe assumeéhefollowing threewavesin thedeploymentof WDM
technology:i) First generationor static lightpath networks, ii) Secondgeneration
or dynamiclightpath/OpticalBurst Switchingnetworks andiii) Third generatioror
PhotonicPacket Switchingnetworks.

StaticWDM backbonewill provide point-to-pointwavelengthspeedchannels
(lightpaths). Suchstaticlightpathswill be linking gigabit routers,as currentATM
or FrameRelay permanentirtual circuits do. Suchgigabitroutersperformcell or
pacletforwardingin theelectronicdomain.

In asecondyenerationVDM network, the WDM layer providesdynamicalloca-
tion featurespy offering on-demandightpathsor coarsepacket switchingsolutions.
The former provides a switchedpoint-to-pointconnectionservicewhile the latter
provides burst switching service. Precisely Optical Burst Switching (OBS) [31]
provides a transfermodewhich is halfway betweencircuit and packet switching.
In OBS, aresenation messagés sentbeforehandsothatresourcesreresenedfor
the incomingburst, which carriesseveral pacletsto the samedestination.In doing
S0, a single signalingmessagesenesto transferseveral paclets, thus maximizing
transmissiorefficiency andavoiding circuit setupoverhead.

Thethird generatiorof optical networkswill provide photonicpacket switching,
thus eliminating the electronicbottleneck. As far as the optical transmissionis
concernedthechallengés to provide ultra-narrav opticaltransmitterandrecevers.
Evenmorechallengings the developmenf all-opticalroutersthat performpaclet
heademrocessingn the optical domain. In fact, while packet headerprocessing
is very likely to remainin the electronicdomainall-optical paclet routersbasedon
opticalcodesarecurrentlyunderdevelopmen{38].
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11.2 TRAFFIC MANAGEMENT IN IP NETWORKS: WHY?

Thereis awell-establishedheoryfor dimensioningelephoneetworks[9] basedn
the hypothesisof the call arrival processbeing Poissornandthe call durationbeing
well-modeledasan exponentialrandomvariable. A blocking probability objective
canbesetand,by meansf the Erlangiantheory telephondinescanbedimensioned
to achiere thetargetdegreeof service.

IP overWDM networksand,in general]P networks,lacksuchdimensioningules
dueto atwofold reasonfirstthetraffic is nolongerPoissoniamut showvs self-similar
featuresnon-stationarityand sourceheterogeneity Secondly thereis very scarce
network dimensioningheoryfor self-similartraffic. In this sectionwe examinethe
specificfeaturesof self-similartraffic that are not presentin otherkinds of traffic,
suchasvoicetraffic. Suchfeaturesprovide thejustificationfor traffic management
techniquesn IP over WDM networks.

11.2.1 Self-similarity

In the recentpast, voice and datatraffic modeling has beenprimarily basedon
processesf independenincrementssuchasthePoissorprocess Arrivalsin disjoint
time intervals are assumedo be independensince,intuitively, the factthata user
males a phonecall hasno influencein other usersmaking differentcalls. More
formally, the call arrival processhasa correlationwhich is equalto zeroin disjoint
time intervals. However, the independenincrementsproperty doesnot hold for
Internettraffic. Not only traffic in disjointintervalsis correlatedout the correlation
decaysslowly !, meaningthatevenif the time intervals underconsideratiorarefar
apartfrom oneanothetthetraffic is still correlated.

The traffic procesds saidto have long memoryor long-range dependenceln
the specificcaseof Internettraffic, suchlong-rangedependencés obsenedin the
paclet countingprocessawhich representshe numberof bytesin fixed duration(d
ms)intervals[20, 29].

As a consequencef the slow decayof the autocorrelatiorfunctionthe overflow
probabilityin intermediateouterqueuesincreasesieaily,in comparisorio aprocess
with independenincrementgPoisson).In [26] an experimentalqueueinganalysis
with long-rangedependentraffic is presentedwhich comparesan original Internet
traffic tracewith a shufled version,i.e. with destrged correlations. The results
shav adramaticimpactin sener performancealueto long-rangedependence.

Figure 11.1 shaws the resultsfrom trace-drven simulationsof a single sener
infinite buffer systemwith self-similartraffic. The self-similartraceis shufled in
orderto shaw the effect of dependencen queueingperformance.We notethatthe
saturatiorbreakpointfor a queueingsystemwith self-similarinput occursat lower
utilization factorin comparisorto the samesystemwith Poissoniannput.

ICorrelationdecaysasa powerlaw p(k) ~ H(2H — 1)k2H 2, k beingthetime lag.



iv TRAFFIC MANAGEMENT FOR IP OVER WDM NETWORKS

Expected queue waiting time
20

" Real trace —+—
Shuffled trace (2s blocks) ------
Shuffled traze (20s blocks) ---%----

15 |

t(s)

10

Figurel1l.l Queueingoerformanceavith self-similarprocess

Suchperformancelropis dueto thepresencef burstsatary time scale.ln order
to visually assessuchphenomenonkigure11.2shows traffic in severaltimescales
(10, 100 and1000ms), for a realtraffic traceanda Poissonprocess.We obsene
that while the Poissoniartraffic smoothout with the timescaletowardsthe rate A
the real traffic shows burstinessat all timescales The self-similarity propertycan
be explainedin termsof aggreyationof highly variablesources First, the mostpart
of Internettraffic is dueto TCP connectiongrom the WWW service[4]. Secondly
both WWW objectssize and durationcan be well modeledwith a Paretorandom
variable,with finite meanbut infinite variance.The aggreyation(multiplex) of such
connectionshaws self-similarity propertieg13, 33]. As aresult,self-similarity is
aninherentpropertyof Internettraffic, which is dueto the superpositiorof a very
largenumberof connectionsvith heavy-tailedduration.

11.2.2 Demandanalysis

Opticalnetworkswill provide seniceto alargenumberof usesrequiring voice,video
anddataservices.In orderto ensurea QoSto suchusersthereis a needfor demand
estimation,so that resourcesn the network canbe dimensionecappropriately In
thetelephonenetwork it is well-known thatusersarehomaeneousmeaninghatthe
traffic demandgeneratedy a numberof n usersis simply equalto the sumof their
individual demandsnamelyI = I'n, with I’ equalto the demandof anindividual
user

Thehomogeneityassumptiolis mostcorvenientsincetheoperatomwill dimension
the network takingasa basea singleuserdemandandextrapolatingto therestof the
population. However, the traffic demandor the Internetradically differs from that
of telephonenetworks andthe homogeneityassumptions no longervalid.

We take a traffic tracefrom our University accesdink (seesection11.5) and
shaw, in Figure 11.3 (left), the total volume of traffic generatedby a group of n
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Figure11.2 Inputtraffic in severaltimescales

userssortedaccordingto volumeof traffic. We obsene thata very few numberof
usersis producinga large volume of traffic. Figure 11.3(right) shawvs percentage
of total volume of traffic in a working day versuspercentagef usersgenerating
suchtraffic. Lessthan10% of the usersproducemorethan90% of traffic, shoving
strongnon-homogeneitin thetraffic demand.Thisresultis in agreementvith other
measurementsikenat UC Berkeley campud14].

GBytes
% Bytes

40

4 ] 30

L L L L L L L 20 L L L L L L L L L
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60 70 80 90 100
Users % Users

Figure 11.3 Traffic demandsortedby user Left: Absolutevalue. Right: Percentagef
bytesversuspercentagef users

Theresultsabove show thatusempopulationcanbedividedinto threegroups:bulk
usersaverageandlight users.We notethatthe appearancef a solenew bulk user
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can producea suddenincreaseof network load. For instance the top produceris
responsibldor the 27.56%o0f the traffic. Shouldher machinebe disconnectedhe
traffic load would decreaseaccordingly As a conclusion,the existenceof a group
of top producercomplicatesnattersfor network dimensioning.For Internettraffic,
the assumptionthatdemandscaleswith the numberof usersdoesnot hold. Onthe
contrary demands highly dependentvith avery few users.

Furthermorethe dynamicbehaior of top producersdoesnot follow a general
law. Figurell.4shavstheaccumulateshumberof TCPconnectionandbytesfrom
the first and seventhtop producers. While the former is a highly regular user the
latterproduces burstof traffic lastingseveralminutes andnearlyno actuity for the
restof thetime.
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Figure 11.4 Demandversustime for the first (top) and seventh (bottom) producers. Left:
TCPbytes.Right: TCP connections

11.2.3 Connectionlevel analysis

Optical networks will surely evolve to providing QoS on demandat the optical
layer, in a forthcomingphotonicpaclet switchingor lightpath-on-demandcenario.
Nowadaysflow-switchingmechanismarebeingincorporatedo IP routersin order
to provide QoSattheconnectiorlevel. To this end,ananalysisof the Internettraffic

atthe connectiorlevel is mandatory First, we obsene thatInternettraffic is mostly
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dueto TCP connections. Table 11.1 shows a breakdavn per protocol of the total
traffic in our Universitylink. We notethatTCPis dominantfollowedatasignificant
distanceby UDP.

Table11.1 Traffic breakdown per protocol

Protocol MBytesin % Bytesin MBytesout % Bytesout
TCP 13718 99.03% 2835 89.38%
UDP 109 0.8% 317 10%
ICMP 13.7 0.1% 12.3 0.39%
Other 10.2 0.07% 7.4 0.23%

Ontheotherhand,TCPtraffic is highly assymetrién theoutboundrrom senerto
client. Ourtracesshav that82.1%of thetotal TCP traffic correspond$o the sener
to client outbound.Next, we analyzewhatis the servicebreakdevn for TCPtraffic.

11.2.3.1 Breakdown per service Figurell.5shavsthenumberof bytesperTCP
service. The WWW service,eitherthroughport 80 or variantsdue to proxiesor
securetransactiongport 443), is the mostpopularservicein the Internet. We also
notethatthereareanumberof servicesvhich cannoteclassifieda-priori sincethey
do not usewell-known ports. This is an addeddifficulty to perflow discrimination
in flow-switchingschemes.

7
80 5501 20 110 6683 443 6699 48659 25 12695
Service port

Figure11.5 Breakdevn perservice

11.2.3.2 Connection size and duration Sincethe mostpart of IP traffic is due
to TCP connectiongo WWW senerswe focusour analysisin connectiorsizeand
durationof suchTCP connections.Figures11.6and11.7 shav survival functions
2 of connectionsize (bytes)andduration(seconds)n log-log scales.We notethat

2A survival function providesthe probability thata randomvariable X takesvalueslargerthanz, i. e.
P(X > ).
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the tail of the survival function fits well with that of a Paretodistribution with «
parameterWe plot thedistribution tail leastsquaredegressiorline in bothplotsand
estimatevaluesof « of 1.15 and1.2 for durationandsizerespectiely. Suchvalues
arein accordancevith previousstudieshatreportvaluesof 1.1and1.2[13].
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Figure11.7 Survival functionof connectiorduration

File sizesin thelnternetareheary-taileddueto the diversenatureof postednfor-
mationwhich rangesfrom smalltext files to very large videofiles [13]. Regarding
duration,we notean evenlarger variability (lower «), which canbe dueto the dy-
namicsof the TCPin presenc®f congestionwhich will make connectiorduration
grow largerif packetlossoccurs.

While connectionsize and durationare heary-tailed, possibly causingthe self-
similarity featuresof the resultingtraffic multiplex [13, 33], we note that heary-
tailednesss a propertyof thetail of the connectionandsizedistribution. Actually,
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the mostpartof TCP connectiongreshortin sizeandduration. Figure11.8shavs
a histogramof both size and durationof TCP connections. We note that 75% of
the connectionshave lessthan 6Kbytesand last lessthan 11 seconds.Suchshort
lastingflows complicatemattersfor perflow bandwidthallocationsincetheresource
resenationoverheads significant. As a conclusion,not only a high flexibility and
granularityin bandwidthallocationis requiredfrom the optical layer but alsoflow
classificatioranddiscriminationcapabilitiesjn orderto distinguishwhichflows may
beassignedeparat@esources.
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Figure11.8 Histogramof TCPsize(left) andduration(right)

11.3 IP TRAFFIC MANAGEMENT IN IP OVER WDM NETWORKS:
HOW

In this sectionwe focuson theimpactof IP traffic in WDM networksin first (static
lightpath) and secondgenerationdynamiclightpath/ OBS)WDM networks. Con-
cerningthe former we explain the scenaricandthe traffic groomingproblem. We
also considerthe use of overflow bandwidthto absorbtraffic peaks. Concerning
secondgenerationnetworks we analyzethe tradeof betweenburstinessand long
rangedependencandthe queueingperformanceamplications. Then,we consider
signallingaspects|P encapsulatiomver WDM andlabelswitchingsolutions.

11.3.1 First generationWDM networks

FirstgeneratioWWDM networksprovidestaticlightpathsetweemetwork endpoints.
The challengeis to provide a virtual topology thatmaximizesthroughputandmini-
mizesdelayout of a physicaltopologyconsistingof anetwork topologywith optical
crossconnecttinking fiberswith limited numberof wavelengthgerfiber.

It hasbeenshown thatthegenerabptimizationproblemfor thevirtual topologyis
NP-completg16]. Suchoptimizationproblemtakesasaparametethetraffic matrix,
whichis assumedo be constantand,asadditionalassumptionspaclet interarrival
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timesandpaclet servicetimesat the nodesareindependenandexponentiallydis-

tributed,so that M/M/1 queueingresultscanbe appliedto eachhop. We notethat
traffic stationarityandhomogeneitypecomenecessargonditionsto assumehata
traffic matrix is constant. A non-stationanytraffic procesgprovidesan offeredload
whichis time-dependentOntheotherhand,anon-homogeneousemandasshovn

in the previoussectionmayinducelargefluctuationdn thetraffic flows, sinceasole
bulk userproducesa significantshareof traffic. If, for instancethe top producer
traffic changesdestinationsat a given time the traffic matrix is severely affected.
Furthermoragheindependencassumptiorin pacletarrival timesis in contrasto the
long rangedependencpropertiesof Internettraffic.

A numberof heuristic algorithmshave beenproposedto optimize the virtual
topologyof lightpaths(for furtherreferencesee[24, partlll]), assuminga constant
traffic matrix. We notethateventhoughsuchalgorithmsprovide an optimizationof
the physicaltopologychancesrethattraffic burstscannotbe absorbedy the static
lightpaths. Being the buffering capabilitiesof the optical network relatively small
comparedo the electroniccounterparta numberof proposaldasedon overflon or
deflectionroutinghave appearedecently

/Several routing paths

WDM Cross-connect

Figure11.9 WDM network

Figure 11.9 presentsa mostcommonscenaridfor a first generationoptical net-
works. IP routersusethe WDM layerasalink layerwith multiple parallelchannels,
several of thosebeingusedfor protectionor overflow traffic, which leadsto a net-
work designwith little buffering at the routersanda numberof alternatepathsto
absorbtraffic peaks. The samescenariois normally assumedn deflectionrouting
networks, which are basedon the principle of providing nearly no buffering at the
network interconnectiorelementsbut several alternatepathsbetweensourceand
destinationsothatthe high-speedetwork becomes distributedbuffering system.
Theadwantagds thatbuffer requirementsit theroutersarerelaxed, thussimplifying
the electronicdesign. In the WDM case we notethatthe backupchannelscanbe
usedto provide analternatepathfor the overflow traffic asproposedn [5]. Rather
thanhandlingthetraffic burstinessvia buffering, leadingto delayandpacletlossin
theelectronicbottleneckthe backupchannelsanbeusedto absorboverflow traffic
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bursts. Interestingly the availability of multiple parallel channelshetweensource
anddestinatiorroutersresembleshetelephonaetwork scenariojn whichanumber
of alternatepaths(tandemswitching)areavailablebetweerendoffices. Thereason
for providing multiple pathsis not only for protectionin caseof failure of thedirect
link but alsoavailability of additionalbandwidthfor the peakhours.

The appearancef overflow traffic in the future Optical Internetposesa new
scenariowhich hasnot beenstudiedbefore,sincestandardelectronicnetworks are
basedon buffering. While the behaiior of a single-serer infinite queuewith self-
similar input hasbeenwell described27, 37] thereis little literatureon the study
of overflow Internettraffic. Onthe contrary dueto therelevanceof overflow traffic
in circuit switchednetworksthereis an extensve treatmentof Poissoniaroverflow
traffic. Precisely in the early stagesof deploymentof telephonenetworks A. K.
Erlangfound that the overflow traffic canno longerbe regardedas Poissonian.In
fact,theoverflow traffic burstinesss higherthanin thePoissoniamimodel. Equivalent
Erlangianmodelsfor blocking probability calculationscan be established9], that
incorporatethe overflow load effect. The overflow traffic canbe characterizedby a
Poissoniarinput with higherintensity in orderto accountfor the burstinessof the
latter.

In orderto visually illustrate the burstinessncreaseof overflow traffic we plot
several instanceof overflow versustotal traffic, for several cut-off valuesin Fig-
ure 11.10. The Figure shows a significantburstinessancreasefor overflow traffic,
which, consequentlyrequiresa differenttreatmentin termsof network androuter
dimensionindg3].
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Figure11.10 Originalinputandoverflow traffic

11.3.2 SecondgenerationWDM networks

SecondyenerationVDM networkswill bring a higherdegreeof flexibility in band-
width allotmentin comparisorto first generatiorstaticnetworks. Prior to photonic
paclet switching networks, which are difficult to realizewith currenttechnology
[39], dynamiclightpathnetworks make it possibleto reconfigurethe lightpathsvir-

tual topology accordingto the varying traffic demandconditions. However, the
provision of bandwidthon demandon a peruseror perconnectiorbasiscannotbe
achiezedwith anopticalnetwork providing lightpathson-demandsincethey provide
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a circuit switchingsolutionwith channelcapacityequalto the wavelengthcapacity
As the next step,optical burstswitching[31, 32] providesatransfermodewhich s

halfway betweencircuit switching and pure paclet switching. At the edgesof the
opticalnetwork pacletsareencapsulateth anopticalburst,whichcontainsanumber
of IP pacletsto the samedestination.Thereis aminimumburstsizedueto physical
limitationsin the optical network, which is unableto copewith pacletsof arbitrary
size(photonicpaclet switching).

Opticalburstswitchingis basedon the principle of "on thefly" resourceesena-
tion. A resenationmessagés sentalongthe pathfrom origin to destinatiorin order
to setuptheresourcegbandwidthandbuffers)for theincomingburst. A timeinterval
afterthe resenation messagéasbeensent,andwithout waiting for a confirmation
(circuit switching),the burstis releasedrom the origin node. As aresultof thelack
of confirmationthereis a droppingprobabilityfor the burst. Neverthelesstesources
are statisticallyguarantee@ndthe circuit setupoverheads circumvented. Figure
11.11shaovstheresenationandtransmissiorprocedurdor opticalburstswitching.
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Figure11.11 OpticalBurstSwitching

On the other hand, optical burst switching allows for differentiatedquality of
serviceby appropriatelysettingthe valueof thetime interval betweerreleaseof the
resourcgesenationmessagandtransmissiomf theopticalburst[30, 40]. By doing
so,someburstsareprioritizedovertherest,and,thus,they aregranteda betterQosS.

Even thoughthe conceptof OBS hasattractedconsiderableesearchattention
thereis scarcditeratureconcerningpracticalimplementationsndimpactin traffic
engineering.A referencanodelfor an OBS edgenodeis depictedin Figure11.12.
Incomingpacletsto theopticalcloudaredemultiplexedaccordingo theirdestination
in separatgueuesA timeris startedwith thefirst packetin aqueueand upontimeout
expiration, the burst is assemblednd relayedto the transmissiormgueue,possibly
requiring paddingto reachthe minimum burst size. Alternatively, a threshold-
basedrigger mechanisnfor bursttransmissiorcanbe adoptedallowing for better
throughpufor elasticservices.

The traffic engineeringmplicationsof the referencemodelin Figure11.12can
be summarizedsfollows [23]: First, we notethatthereis anincreaseof thetraffic
variability (mamginal distribution variancecoeficient) in shorttimescalesyhich is
dueto thegroupingof packetsin opticalbursts. Furthermoreat shorttimescalesthe



IP TRAFFIC MANAGEMENT IN IP OVER WDM NETWORKS: HOW

Input Traffic

_|_I_|_I_|_l_

A

Burst assenbly
queues

Denmux

Figure11.12 OBSreferenceanodel

Optical Link

Xiii

procesself-similarityis decreasedjueto burstsequencingndshufling attheoutpu

of theburstassemblygueues Neverthelessatlongtimescaleself-similarityremains
the same. The beneficialeffect of a self-similarity decreaset shorttimescaleds

compensateby theburstinesgtraffic variability) increaseatsuchtimescalesFigure
11.13shows aninstanceof the input andoutputtraffic processes{™ and X% in

Figure11.12,plottedin several timescales X" beinga fractional gaussiamoise,
which provesaccurateto model Internettraffic [27]. While the significanttraffic

burstscanbe obseredat shorttimescalesve notethatthe processemainshe same
asthetimescalencreasesthuspreservinghe self-similarityfeatures.
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11.3.3 Signalling

Two differentparadigmsarebeingconsideredor integrationof IP andWDM in the
forthcomingnext geneationinternd. Theoverlaymodelconsiderdoth IPand WDM

networksasseparat@etworkswith differentcontrolplaneglike IP over ATM). The
peermodelconsiderghatthe IP andWDM network sharethe samecontrol plane,
so that IP routershave a completeview of the optical network logical topology

Figurell.14shavstheoverlaymodelin comparisorto the peermodel. Therouters
displayedin the Figure act as clients from the optical network standpointin the
overlay model, sincethey usethe optical network servicesin orderto fulfill edge-
to-edgeconnectvity requirements. Therefore,an Optical UserNetwork Interface
(UNI) becomesecessarat the network edgesasshownn in the sameFigure. The
Optical Internetworking Forum hasproduceda specificationdocumentcontaining
a proposalfor implementationof an Optical-UNI which interworks with existing
protocolssuchasSONET/SDH[28].

Telco/LAN Router
I

T‘elcolLAN Router
I

I I
Optical UNI Optical UNI

OVERLAY MODEL

Telco/LAN Router W Telco/LAN Router
' X oxc x '
OxC W oxC

PEER MODEL

Figure11.14 Overlayversuspeermodel

In orderto integratelP andWDM layersin the peermodela promisingalternatve
is theuseof Multiprotocol Label Switching(MPLS), with enhancedtapabilitiesfor
optical networks The aim of MPLS is to provide a higherdegreeof flexibility to
the network managery allowing the useof Label SwitchedPaths(LSPs). Labels
in MPLS are like VPI/VCI identifiersin ATM in the sensethat they have local
significance(links betweenrouters)and are swappedat eachhop along the LSP
They areimplementedasfixedlengthheadersvhich areattachedo the P paclet.

An LSR thus,is functionally equivalentto a virtual circuit. Ontheotherhand,a
ForwardEquivalenceClasg(FEC)is definedasthesetof pacletswhichareforwarded
in the sameway with MPLS. The MPLS label is thus a short, fixed-lengthvalue
carriedin the paclet headerto identify an FEC. Two separatdunctional units can
be distinguishedin an MPLS-capablerouter: control and forwarding unit. The
control unit usesstandardrouting protocols(OSPF/IS-IS}o build and maintaina
forwardingtable. Whena new paclet arrivesthe forwardingunit makesa routing
decisionaccordingto the forwardingtablecontents.However, the network operator
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may changethe forwarding tablein orderto explicitly setupan LSP from origin
to destination. This explicit routing decisioncapability provides extensie traffic
engineerindeaturesandoffersscopefor quality of servicedifferentiatiorandvirtual
privatenetworking. Figure11.15showvs anexampleof LSP (routersl-2-5-6). Even
thoughthe link-stateprotocolmandatesfor example,thatthe bestrouteis 1-4-5-6,
the network operatormay decide,for load balancingpurposesto divert part of the
traffic throughrouters2-5-6. On the otherhand,MPLS canwork alongsidewith
standardP routing (longestdestinationlP addressprefix match). In our example,
the packet may continueits way to the destinatiorhost,downstreamfrom router®,
througha non-MPLScapablesubnetvork.

NS i Destination
. Label Switched Path P D

L Subnetwork
‘As(ma&ion edge router

Figure11.15 LabelSwitchedPathexample

Routing path

Explicit routesareestablishedy meanof two differentsignallingprotocols:the
ResourceReseration Protocol (RSVP-TE) and Constraint-BasedRouting Label-
Distributed Protocol. Both allow for strict or loose explicit routing with quality
of serviceguaranteessinceresourceresenation alongthe route canbe performed.
However, the protocolsare differentin a numberof ways: for instanceRSVP-TE
usesTCP while CR-LDP usesIP/UDP For an extensve discussionaboutMPLS
signallingprotocolsthereadeiis referredto [15], andchaptersl3 and15.

MPLS hasevolvedinto anew standardhatis tailoredto the specificrequirements
of opticalnetworks: GeneralizedMPLS (GMPLS)[6]. Sinceopticalnetworks may
switch entirefibers,wavelengthsbetweerfibersor SONET/SDHcontainersa FEC
maybemappedn mary differentwaysnotnecessarilpacletswitched.Forinstance,
alightpathmaybe setupin orderto carrya FEC.In this examplethereis no needto
attachalabelto the paclket sincethe pacletis routedin anall-opticalfashionend-to-
end. Therefore the (hon-generalizediabel conceptis extendedto the genealized
labelconcept.Thelabelvalueisimplicit sincethetranspormediaidentifiestheLSP
Thus, the wavelengthvalue becomeghe labelin a wavelengthroutedLSP. Labels
maybe providedto specifywavelengthsywavebandgsetsof wavelengths)timeslots
or SONET/SDHchannels. A SONET/SDHIlabel, for example,is a sequencef
five numbersknown asS,U,K,L, andM. A paclet comingfrom an MPLS (paclet
switched)network maybetransportedn thenext hopby a SONET/SDHchanneby
simply remaoving the incominglabelin the GMPLS routerandrelayingthe paclet
to the SONET/SDHchannel. A generalizedabel is functionally equivalentto the
timeslotlocationin a plesiochronousietwork wherethe slot location identifiesa
channelwith no needof additionalexplicit signalling(a pacletheadeiin MPLS).
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GMPLSallowsthedataplane(in theopticaldomain)to performpaclketforwarding
with thesoleinformationof thepaclketlabel,andthusignoringthelP pacletheaders.
By doing so, thereis no needof paclet corversionfrom the opticalto the electronic
domainandthe electronichottleneckis circumvented. The signallingfor LSP setup
is performedby meansof extensionsof both MPLS resourceresenation protocols
(RSVP-TE/CR-LDP)in orderto allow thata LSP canbe explicitly routedthrough
theopticalcore[7, 8]. Onthe otherhand,modificationshave beenmadeto GMPLS
by addinga new link managemenprotocoldesignedo addresshe specificfeatures
of theopticalmediaandphotonicswitchestogethemwith enhancement® the Open
ShortestPath First protocol (OSPF/IS-IS)to provide a generalizedepresentation
of the variouslink typesin a network (fibers, protectionfibers, etc.), which was
notnecessaryn the paclet-switchednternet. Furthermoresignallingmessageare
carriedout of bandin anoverlaysignallingnetwork, in orderto optimizeresources
andin contrastto MPLS. Sincesignallingmessageareshortin sizeandthe traffic
volumeis not large in comparisorto the datacounterparthe allocationof optical
resourcedor signallingpurposeseemswvasteful. Seechaptersl3 and15 for more
detailson GMPLS.

As an exampleof the enhancementgrovided by GMPLS, considerthe number
of parallelchannelsn aDWDM network, whichis expectedto be muchlargerthan
in the electroniccounterpart.ConsequentlyassigningonelP addresdo eachof the
links seemswastefuldueto the scarcityof IP addressspace. The solutionto this
problemis the useof unnumberedinks asdetailedin [19]. The former example
illustratesthe needof adaptingexisting signallingprotocolsin the Internet(MPLS)
to thenew peerlP over WDM paradigm.

As for third generatioropticalnetworksbasedn photonicpaclket switchingthere
arerecentproposaldor Optical CodeMultiprotocol Label Switching (OC-MPLS)
basedon optical codecorrelationg25]. Theissueis how to reada paclet header
in the all-optical domain. Eachbit of the paclet headetis mappedonto a different
wavelengthin a differenttime position, forming a sequencevhich canbe decoded
by correlationwith all the entriesin a codetable. While the useof photoniclabel
recognitionhasbeendemonstrateth practicethe numberof codesavailableis very
scarcg8 bits/128codes)38], thuslimiting theapplicability of thetechniquéo long
haulnetworks.

11.3.4 Framing aspectsfor IP over WDM

Concerningramingtechniquegor IP overWDM, thelP over SONET/SDHstandard
is foreseerasthe mostpopularsolutionin the nearfuture[10]. Therationaleof IP
over SONET/SDHis to simplify the protocolstackof IP over ATM, which in turn
reliesover SONET/SDHasthe physicallayer By encapsulatinghe IP datagrams
on top of SONET/SDHthe bandwidthefficiency is increasedvhile the processing
burdenimposedby sggmentationandreassemblyrocedureslisappearsHowever,
alink layer protocolis still neededor paclet delineation. Figure11.16shaws the
IP datagramn alayer 2 PDU (HDLC-framedPPP)which, in turn, is carriedin a
SONET/SDHSTS-1payload.
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Figure11.16 IP over SONET/SDH

The currentstandarddor layer 2 framing proposethe useof HDLC-framedPPP
asdescribedn RFC1662/2615934, 35]. However, dueto scramblingandreliability
problemshescalabilityis compromisedbeyondOC-48[21]. In responsé¢o theneed
of higher speedsother proposalsfor IP over SONET/SDHhave appearedsuchas
the PPPover SDL (Simplified DataLink) standard RFC 2823)[11]. In PPPover
SDL thelink synchronizatioris achievedwith analgorithmwhichis similarto 1.432
ATM HEC delineation. Insteadof searchingor a flag (OX7E), asis donein POS,
the recever calculategshe CRC over a variablenumberof bytesuntil it “locks” to
a frame. Thenthe recever entersthe SYNC stateand paclet delineationis thus
achieved. In addition,datascramblings performedwith a self-synchronous*® + 1
scrambleror anoptionalset-resescrambleindependenof userdata,which makes
it impossiblefor the malicioususerto breakSONET/SDHsecurity

We notethattheperformancef IP over SONET/SDH bothin POSandPPPover
SDL is highly dependentnthe P pacletsize. Assumingno byte stuffing (escaping
Ox7E flags) and 16 bits frame checksequencethe POSoverheadis 7 bytes. For
a SONET/SDHIayer offeredrateof 2404Mbps (OC-48)the userpercevedrateon
top of TCP/UDPis 2035Mbpsfor an|P pacletsizeof 300 bytes.

Finally, therearealsoongoingeffortsto provide lightweightframingof IP paclets
over DWDM using 10 Gigabit Ethernet(IEEE 802.3aetaskforce) [36] andDigital
WrappergITU G.709)[1].

11.4 END-TO-END ISSUES

The succes®f the next generatiorpptical Internetwill not only dependon optical
technology but alsoon the setof protocolsthat translatethe availability of gigabit
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bandwidthinto userperceved quality of service. Figure11.17 shaws a reference
modelfor WDM network architecture.The WDM wide/metropolitarareanetwork
senesasan Internetbackbonefor the differentaccessietworks. The geographical
spanof theWDM ring canbemetropolitaror regional,coveringareasipto thousand
miles. The WDM network inputtraffic comesfrom the multiplex of alarge number
of userg(in the thousandsat eachaccessietwork. Examplesof accessietworksin
our architecturearecampusetworksor Internetserviceprovider networks. Access
andWDM backbonewill belinked by a domainbordergatevay thatwill perform
thenecessarinternetworking functions. Suchdomainbordergatavay will typically
consistof a high-speedP router

Server

Figure11.17 WDM network referencenodel

The scenarioshavn in Figure 11.17 is the most likely network configuration
for future all-optical backbonesthat will surely have to coexist with a numberof
significantlydifferenttechnologiesn theaccessietwork suchasEthernetswireless,
HFC andxDSL networks. Thedeploymentof fiber opticsto the end-usesite canbe
incompatiblewith otheruserequirementssuchasfor instancemobility, eventhough
thereis a trendtowardsproviding high-speedaccessn the residentialaccessesin
ary casetheaccessetworkwill besubjecto pacletlossanddelaydueto congestion
or physicallayer conditionswhich are not likely to happenin the optical domain.
On the contrary the high speedoptical backboneswill provide channelswith high
transmissiomates(in the 10 Gbps)andextremelylow bit errorrates(in the 10~15).

Bridging the gapbetweenaccesandbackbonenetwork becomesan openissue.
A flat architecturebasedon a userend-to-endl CP/IP connection althoughsimple
andstraightforvard, may not be a practicalsolution. The TCP slow startalgorithm
severely constrainsthe useof the very large bandwidthavailablein the lightpath
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until the steady-statés reached.Evenin suchsteady-stateegime the users soclet
buffer may not be large enoughto provide the storagecapacityneededor the huge
bandwidth-delaproductof thelightpath. Furthermoreanempiricalstudyconducted
by theauthorsn a Universitynetwork [4] shovedthatnearly30%of thetransaction
latengy wasdueto TCPconnectiorsetip time,whichposegheburdenof theroundtrip
timein athree-way handshag.

However, TCP providescongestiorandflow controlfeaturesneededn theaccess
network, whichlackstheidealtransmissioronditionsthat areprovidedby theoptica
segment. We mustnoticethatheterogeneousetworks alsoexist in otherscenarios,
such as mobile and satellite communications. In order to adaptto the specific
characteristicof eachof the network sggmentssplit TCP connectionmodels an
evolutionary approachof the TCP end-to-endmodel, have beenrecentlyproposed
[2, 12]. We notethat TCP splitting is not an efficient solutionfor optical networks,
since due to the wavelengthspeed,in the order of Gbps,the useof TCP in the
opticalsggmentcanbe questionedFor example,consideringa 10 Gbpswavelength
bandwidthand 10 ms propagationdelay in the optical backbone(2000 km) the
bandwidthdelay productequals25 MBytes. File sizesin the Internetare clearly
smallerthan such bandwidth-delayproduct[4, 22]. As a result, the connection
is always slow-starting, unlessthe initial window sizeis very large [18]. On the
otherhand,sincethe pathsfrom gatevay to gatavay in the optical backbonehave
differentroundtripdelayswe notethatthe bandwidthdelay productis not constant.
For example,a 1 msdeviationin roundtriptime makesthe bandwidth-delayroduct
increasdo 1.25Mbytes. Therefore,it becomedifficult to optimize TCP windows
to truly achieve transmissiorefficiency in this scenario.Furthermorethe extremely
low lossratein the optical network makesretransmissionsery unlikely to happen
andsincethe network canoperatein a burst-switchednodein the optical layerwe
note that thereare no intermediatequeuesn which overflow occurs,thusmaking
mostof the TCP featuremot necessary

11.4.1 TCP for high-speedand split TCP connections

As afirst approacho solvingthe adaptatiorproblembetweernaccesandbackbone
the TCP connectioncan be split in the optical backboneedges. As a result,each
(separate)TCP connectioncan be provided with TCP extensionstailored to the

specificrequirement®f both accesandbackbonenetwork. More specifically the

backbonel CPconnectiorusesT CPextensiondor speedasdescribedn [18]. Such

TCP extensionsconsistof largertransmissiorwindow andno slow start.

A simulationmodelfor the referencearchitectureof Figure 11.17is shavn in
Figure11.18. The ns® simulatoris selectedasa simulationtool sincean accurate
TCPimplementatioris available. We choosea simplenetwork topologyconsisting
of an optical channel(1 Gbps)which connectsa coupleof accessouterslocated
at the boundariesf the optical network, asshovn in Figure 11.18. Regardingthe

Shitp://www-mash.cs.beekey.edu/ns/
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accessnetwork two accesdinks provide connectvity betweenthe accessouters
and client and sener respectiely. We simulatea numberof network conditions
with varyingnetwork parameters;yamelylink capacitiespropagatiordelayandloss
probability. Theobjectieisto evaluatecandidatéransfermodeshasedn TCPwith

the performanceametricbeingconnectiorthroughput.

TCP Optical Optical TCP
Client Gatewa Gatewa! Server
Access Backbone Access

link link link

Figure11.18 nsmodel

Table11.2 Summary of simulation parameters

Parameter Value

BW of backbondink 1Gbps
Backbondink propagatlordelay 0 — 30ms

BW of accesdink 8.4Mbps, 34.4Mbps, 100M bps
Accesdink propagatiordelay 25ms 50ms, 100ms

Figure 11.19 shows throughputversusfile size for split-TCP (STCP-PPSuand
end-to-endl CP (EE-PPS)xonnectiorwith the accessietwork parametershown in
tablell.2. OntheotherhandresultSromaproposabf atransfemprotocolusingOBS
[17], FilesoverLightpaths(FOL), arealsopresentedin FOL, files areencapsulated
in anopticalburstin orderto betransmittedacrosghe opticalnetwork. We notethat
throughputgrows with file sizetowardsa valuewhich is independendf acces88W,
andthelessRTT themoresteady-statthroughput.For smallfile sizesheconnection
durationis dominatecby setuptime andslow start,which doesnotallow thewindow
sizeto reacha steady-statealue. For largefiles the TCP reachessteady-statand
the throughputis equalto window size divided by round-triptime. Suchbehavior
is expectedin a large bandwidth-delayproductnetwork, in which connectionsare
RTT-limited ratherthanbandwidth-limited.

We notethattheuseof split TCPprovidesasignificantperformancémprovement.
Thus,we expectthattheforthcomingWDM networkswill incorporatea connection
adaptatiormechanisnin the edgerouterssothatthe WDM bandwidthcanbe fully
exploited.
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Figure11.19 Averagetransferthroughput

11.4.2 Performanceevaluation of file transfer (WWW) sewicesover WDM
networks

The resultsshown in the previous sectionprovide a comparisonin error free con-
ditions, for instancein a first generationWDM network (static lightpath between
routers).However, it turnsout thatsecondgenerationVDM networks suffer block-
ing probability as a consequencef the limited numberof wavelengthsand burst
droppingdueto limited queueingspacein optical burstor photonicpaclet switch-
es. In suchconditionssplit TCP becomesnefficient and alternateprotocoldesign
becomenecessary
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In FOL[17], filesareencapsulateih opticalburstswhich arereleasedhroughthe
opticalbackboneusinga simplestopandwait protocolfor errorcontrol. Assuming
that the setupof an optical burst takes RTT/2, Figure 11.20 shows the achieved
throughputwith error probabilitieslower than 0.1, for both FOL (different burst
sizes)and Split TCP (STCP).We obsene that TCP congestioravoidanceseverely
limits transferefficiengy. If lossprobabiltyis equalto 0.01the throughputobtained
with TCPis halfthethroughputbbtainedwith a simplestopandwait protocolin FOL.
This senesto illustratethatthe throughputpenaltyimposedby the TCP congestion
controlmechanismss rathersignificant.

Throughput (Mbps)

Theoretical —— Burst Switching L=100KB
TCP Simulated  +

Figure11.20 Throughputtomparison

The main differencebetweena simple FOL protocoland TCP is the way both
protocolsinterpretcongestion While TCP considerghatlossis produceddy queue-
ing overflow FOL is awarethatlossis dueto blocking. In alosssituation, TCPwill
lower the transmissiorwindow, which resultsin no effectat all sincecongestioris
dueto blocking, andthe moreis the blocking probability the largeris the number
of accesseto the optical network. Furthermoresincethe BW x RTT productis
extremelylarge the TCP window sizetakeson a very high value. As aresult,the
slow startor congestioravoidancephasewhich follow apacketlosstake thelongest
timeto complete.

11.5 CONCLUSIONS

In this chapter we have presentedhe motivation, solutionsand openchallenges
for the emeqing field of traffic managemenin all-optical networks. At the time
of the writing of the chapterthere are a large numberof openissues,including
traffic managemerfor IP traffic in dynamicWDM networks (dynamiclightpathand
burst switching), designof an efficient integratedcontrol planefor IP and WDM
andproposabf transporfrotocolthattranslatehe availability of opticalbandwidth
into userpercevedquality of service.We believe thattheresearcteffort in the next
generatioroptical Internetwill be focusednot only in the provision of a very large
bandwidthbut alsoin theflexibility , easeof useandefficiengy of opticalnetworks.
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Appendix: Measurementscenario

Our traffic tracesare obtainedfrom the network configurationdepictedin Figure
11.A.1. Themeasuremenfaresentedh this paperareperformedatthe ATM Perma-
nentVirtual Circuit (PVC) thatlinks Public University of Navarrato the corerouter
of the Spanishacademimetwork (Redlris#) in Madrid. Rediristopologyis a star
of PVCswhich connectthe Universitiesaroundthe countryto the centralintercon-
nectionpointin Madrid. Fromthe centralRedlrisfacilitiesin Madrid a numberof

internationalinks connecthe SpanishATM academimetwork to the outsidelnter-

net. ThemeasuredPVC usesbridgedencapsulatioandit is terminatedatbothsides
by IP routers. The PeakCell Rate(PCR)of thecircuit is limited to 4 Mbpsandthe
transmissiomatein the opticalfiberis 155Mbps.

Table11.A.1 Tracecharacteristics

Startdate Mon 14/02/200000:00
Enddate Mon 14/02/200@4:00
TCPconnectionsecorded 957053

IP pacletsanalyzed 16375793

We notethatthe scenaricunderanalysisis a representatie exampleof a number
of very commonnetwork configurations. For example,the most Spanishinternet
ServiceProviders (ISPs)hire ATM PVC links to the operatorsn orderto provide
customerswith accesgo the Internet. The samesituationariseswith corporateand
academimetworks, thatarelinkedto the InternetthroughsuchIP over ATM links.
On the other hand, measurementare not constrainedoy a predeterminedset of
destinationsut represent real exampleof a very large sampleof usersaccessing
randomdestinationgn thelnternet. Tablel1.A.1summarizethemaincharacteristics
of thetraffic tracepresentedn this chapter

4http://wwwrediris.es
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Figure11.A.1 Network measuremergcenario
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