Optical BurstSwitching(OBS): A New Areain Optical Networking
Research

YangChen,ChunmingQiaoandXiang Yu
ComputerScienceandEngineeringDepartment
StateUniversity of New York at Buffalo
f yangchen,giao,xiangg@cse.bffalo.edu

Abstract

In this tutorial, we give anintroductionto optical burstswitching(OBS)andcomparet with otherexisting optical
switching paradigms.Basic burst assemblyalgorithmsand their effect on assembledbursttraf c characteristicare
describedrst. Thena brief review of the early work on burst transmissioris provided followed by the description
of a prevailing protocolfor OBS networks called Just-Enough-ifne (JET). Algorithms usedat an OBS core nodefor
burst schedulingaswell ascontentionresolutionstratgiesare presentedhext. Tradeofs betweentheir performance
andimplementatiorcompleities arediscussedRecentwork on QoS support,IP/WDM multicast, TCP performance
in OBSnetworksandLabelledOBSis alsodescribedandsereralopenissuesarementioned.

1 Intr oduction

With recentadvancesn wavelengthdivision multiplexing (WDM) technologythe amountof raw bandwidthavailable
in ber links hasincreasedy mary ordersof magnitude Meanwhile therapid growth of Internettraf c requireshigh
transmissiomatesbeyond a conventionalelectronicrouter's capability Harnessinghe hugebandwidthin optical ber

cost-efectively is essentiafor the developmeniof the next generatioroptical Internet.

Severalapproachebave beenproposedo take advantageof opticalcommunicationandin particularopticalswitch-
ing. Onesuchapproacthis optical circuit switchingbasedon wavelength( ) routing wherebya lightpathneedsto be
establishedisinga dedicatedvavelengthon eachlink from sourceto destination.Oncethe connectionis setup, data
remainsin the optical domainthroughoutthe lightpath. An alternatve to optical circuit switchingis optical paclet
switching. In optical paclet switching,while the paclet headeiis beingprocesseeitherall-optically or electronically
after an Optical/Electroniq O/E) corversionat eachintermediatenode,the datapayloadmustwait in the ber delay
linesandbeforwardedlaterto thenext node[1, 2].

In orderto provide optical switchingfor next generatiorinternettraf ¢ in a e xible yetfeasibleway, a new switch-
ing paradigmcalled optical burst switching (OBS) was proposedn [3-5]. VariousOBS approachesvith different
tradeofs have sincebeendescribedseepaperslistedin http://www.cse.liffalo.edutyangchen/OB3uhyearhtml,
http://www utdallas.edutvinod/obs.htmbandhttp://wwwi.ikr.uni-stutt@rt.de/~gauger/BurstSwitching/JTherearetwo
commoncharacteristicamongthesevariants:

e Clientdata(e.g., P paclets) goesthroughburst assembly/disassemb{gnly) at the edgeof an OBS network,
neverthelessstatisticalmultiplexing atthe burstlevel canstill beachievedin the coreof the OBS network.

o Dataandcontrolsignalsaretransmittedseparatelpn differentchannelor wavelengthg 's)!, thus,costlyO/E/O
conversionsareonly requiredon afew controlchannelsnsteadof alarge numberof datachannels.

In this tutorial, we rst introducethe basicideaof OBS, comparet with otherswitchingparadigmsand point out
why OBSis a viabletechnologyfor the next generatioroptical Internet. Techniquesor generatinga burstat the edge

IHereafterwe will usethetermschannelandwavelength(or ) interchangeably



of an OBS network arestudiednext, followed by discussion®n variousburstresenation protocols.Characteristicof

the bursttrafc assembledisingdifferentassemblyalgorithmsare alsoanalyzed.The subsequensectionfocuseson

issuesat a core OBS node: namelyburst schedulingand contentionresolution. Recentefforts on supportingservice
differentiation, IP/WDM multicast, the performanceof TCP and other issuesrelatedto trafc engineeringin OBS
networksaredescribedcattheend.

2 OBSFundamentals
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Figurel: BurstAssembly/Disassembligt the Edgeof anOBS Network
In an OBS network, varioustypesof client dataare aggr@ated at the ingress(an edgenode) and transmitted
asdatabursts(Figure 1(a)) which later will be disassembleat the egressnode (Figure 1(b)). During burst assem-
bly/disassemblythe client datais bufferedat the edgewhereelectronicRAM is cheapandabundant.
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Figure2: Separatedransmissiorof DataandControl Signals

Figure2 depictsthe separatiorof dataandcontrolsignalswithin the coreof anOBSnetwork. For eachdataburst,a
controlpacletcontainingtheusual’header’informationof apacletincludingtheburstlengthinformationis transmitted
on a dedicatedcontrol channel. Sincea control paclet is signi cantly smallerthan a burst, one control channelis
sufcient to carry control paclets associatedvith multiple (e.g., hundredsof) datachannels.A control paclet goes
throughO/E/O corversionat eachintermediateOBS nodeandis processe@lectronicallyto con gure the underlying
switchingfabric. Thereis an offsettime betweena control paclet andthe correspondinglataburstto compensatéor



theprocessing/con guratiodelay If the offsettime is large enoughthe databurstwill be switchedall-optically andin

a“cut-through”manneri.e., withoutbeingdelayedatary intermediatenode(core)In thisway, no opticalRAM or ber

delaylines (FDLSs) is necessarat ary intermediatenode. Neverthelessthe burst-level granularityleadsto a statistical
multiplexing gain which is absenin optical circuit switching. Furthermoreijt allows a lower control overheadper bit
thanthatin optical paclet switchingasto bediscussedhext in moredetail.

3 Qualitative Comparison
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Figure3: Comparisorof DifferentSwitchingNodeArchitectures

Basic switching node architecturesisedby various switching paradigmsare illustratedand comparedn Figure
3. At an optical circuit switching (OCS) nodeshawn in Figure 3(a), oncea lightpathis setup,all datacarriedby
oneinput will goto aspecic output . Sinceno O/E/O corversionof dataat ary intermediatenodeis needed,
multi-hop transpareng (in termsof the bit rate, protocoland coding format used)canbe achieved. On average the
connectiondurationshouldbe on the orderof minutesor longerassettingup or releasinga connectiortakesat leasta
few hundredsof milliseconds. Shorterdurationconnectionsieededo accommodatsporadicdatatransmissionsvill
resultin aprohibitively high controloverhead A majordifferencebetweerOCSandtheotherthreeapproachedepicted
in Figure3 is thatin OCS,no statisticalmultiplexing of the clientdatacanbe achierzed at ary intermediatanode.More
speci cally, in the core,bandwidthis allocatedby one atatime, whichis a coarsegranularity In practice however,
mostof today's applicationonly needthesub- connectiity. In addition,high-bitratecomputerrommunicationsften
involve “bursts”thatlastonly afew secondsr less.

To overcomeheabove de ciency of theOCSapproachQ/E/Ocorversioncanbeintroducedabore anOCSnetwork
in the IP and SONET layersfor example. The electronicswitchingnodeusedin suchan O/E/O approactis depicted
in Figure 3(b). Here, statisticalmultiplexing of the client dataat the sub- granularityis possiblewith electronic



processingndbuffering (notshavn in Figure3(b)). Sinceevery dataunit needgo go throughO/E andE/O corversion,
this approachs not scalableenoughto supporthundredf wavelengthseachworking at 40Gbpsor beyond (the need
for which is anticipatedin the nearfuture). In addition, electronicswitchesare known to suffer from problemssuch
aslimited capacityand hugepower/spaceconsumptiorand heatdissipationin additionto requiringexpensve O/E/O
conversions. Note that, althoughnot shovn, eitheran optical crossconnector optical add-dropmultiplexor may also
be usedin conjunctionwith an electronicswitch for wavelengthgranularitytrafc that doesnot needto go through
the electronicswitch. A hybrid, multi-layer network consistingof suchnodes,eachconsistingof both an electronic
switch/routerandanopticalcrossconnectjs oneway to combinethe strengthof the opticsandelectronicsbut certainly
nottheonly way to do so,andin factmay not bethe ultimatelong-termsolution.

Sinceall-optical headerprocessingwill not be economicallyviable in the nearfuture due to the immaturity of
high-speedptical logic, the optical paclet switching (OPS)approachwill likely requireeachheaderto go through
OI/E corversionfor processingand E/O conversionfor transmission(Figure 3(c)). An importantdifferencefrom the
previous O/E/O approachis that here,the headercanpotentiallybe sentat a muchslower ratethanthe datausingfor
instancesub-carriemultiplexing, therebyeasingthe speedrequirementon the O/E/O corversiondeviceswhile still
maintaininga high datathroughput.NeverthelessOPSis dif cult to implementbecaus®f its needfor alarge number
of O/E/Ocorversiondevices(onesetfor eachwavelength) heademextraction/insertiormechanismgthoughnot shovn
in the gure) aswell asFDLs and paclet synchronizers Note that, an optical cross-conneobr add-dropmultiplexor
mentionedabove canalsobe usedin conjunctionwith the OPSnodesor OBS nodesto bediscussedbelaw iffwhenit is
moreeconomido do so.

In the OBS paradigm,only a few control channelge.g.,oneper ber) go throughO/E/O corversion(seeFigure
3(d)). Giventhatthe datais switchedall-optically at burstlevel, datatranspareng and statisticalmultiplexing canbe
achieved concurrently SinceOBS takesadwantageof both the hugecapacityin bers for switching/transmissioand
the sophisticategbrocessingapabilityof electronicsit is ableto achieve costreductionandleveragethetechnological
advancesin both optical and electronicworlds, which makesit a viable technologyfor the next generationoptical
Internet.

At anOBSnode,nosynchronization/alignmemtf burstsis necessarynlessheswitchingfabricoperatesn aslotted
manner In addition,FDLs andwavelengthcorverterswhich areoptionalcanhelpin reducingburstloss[6]. Currently
it is a challengeto implementan OBS switchingfabricwith hundred=f portsoperatingat a switchingspeedwhichis
ontheorderof nanosecond$Neverthelesspn-goingresearctwork hasshavn promise[7-9].

4 Burst Assembly
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Figure4: Architectureof anOBSIngressNode

Burstassemblyis the procedureof aggr@ating pacletsfrom varioussourcessuchasan IP router into burstsat



the edgeof an OBS network. The architectureof a typical OBSingressnodeis shavn in Figure4. The switchingunit

forwardsincomingpacletsto burstassemblynits. Thepacletsto thesameOBSegressnodeareprocesseih oneburst
assemblynit. Usually, thereis onedesignatedssemblyqueuefor eachtraf ¢ class(or priority). Theburstschedulers

in chage of creatingburstsandtheir correspondingontrol paclets,adjustingthe offsettime for eachburst,scheduling
burstson eachoutputlink andforwardingthe burstsandtheir controlpacletsto the OBS corenetwork [7].

Recentstudieson burst assemblyhave shovn that differentassemblyschemesffect the assembledbursttrafc' s
characteristicfl0,11]. In thefollowing subsectionsye will describeseveralassemblyalgorithmsanddiscussstatistical
characteristicef theassembledursttrafc.

4.1 Assemblyalgorithms

Usually, assemblyalgorithmscan be classi ed astimer-based burstlength-base@nd mixedtimer/turstlength-based
ones[11,12].

In thetimer-basedschemeatimer startsat the beginning of eachnew assemblycycle. After a x edtime T, all the
pacletsthatarrivedin this periodareassemblednto a burst. In the burstlength-basedchemethereis a thresholdon
the (minimum)burstlength. A burstis assembleavhena new pacletarrivesmakingthetotal lengthof currentbuffered
pacletsexceedthethreshold.

Thetime outvaluefor timer-basedschemeshouldbe setcarefully. If thevalueis too large, the paclet delayatthe
edgemightbeintolerable.If thevalueis too small,too mary smallburstswill begeneratedesultingin a highercontrol
overhead While timer-basedschemesnightresultin undesirabldurstlengths burstlength-basedssembhalgorithms
do not provide ary guaranteen the assemblydelaythat pacletswill experience.To addresghe de ciency associated
with eachtype of the assemblyalgorithmsmentionedabove, mixedtimer/threshold-base@dssemblyalgorithmswere
proposedn [7,11]. For example,in [11], a burstcanbe sentout wheneitherthe burstlength exceedsthe desirable
thresholdor thetimer expires.

Adaptive assembhalgorithmswerealsoproposedo optimizethe performancef OBSnetworksin which eitherthe
timethresholdor theburstlengththresholdor bothareadjusteddynamicallyaccordingo realtimetraf c measurements.
They provide betterperformanceespeciallywith strongly correlatednput paclet trafc but have a higheroperational
compleity.

After aburstis generatedisingthe algorithmsmentionedabove, the burstis bufferedin the queuefor anoffsettime
beforebeingtransmittedo give its correspondingontrol paclet enoughtime to make resenationsat the downstream
nodesasshown in Figure2. During this offsetperiod, pacletsmay continueto arrive. Including thosepacletsin the
sameburstis usuallyunacceptablbecaus¢heresenationatthedowvnstreamsiodesmayhave alreadybeenmadebased
ontheoriginal burstlengthrecordin the controlpaclet. Leaving thosepacletsfor the next burston the otherhand,will
increasehe averagedelayespeciallywhenthetrafc loadis heary. Oneway to minimizethis extra delayis to perform
burstlength prediction: let the control paclet carry a burstlengthof | + f (t) insteadof |, wherel is the exact burst
lengthwhenthe control paclet is sentout, andf (t) is the predictedextra burstlengthasa resultof additionalpaclet
arrivalsduringthe offsettime t. Assumethatthetotal lengthof pacletsactuallyarriving duringtheoffsettimeis I(t). If
I(t) < f(t), partof bandwidthreseredwill bewasted.Otherwise(i.e.,if I(t) > f (t)), only afew extra paclets(whose
total lengthis aboutl (t) — f (t)) aredelayedo betransmittedn the next burst.

4.2 Assembledburst traf ¢ characteristics

Recently the sensitvity of OBS network performancdo theassembledbursttrafc characteristicsuchasinter-arrival

time andburstlengthdistribution hasbeenstudied.thesestudieshave focusedon the statisticalcharacteristicef burst
trafc, which canbe dividedinto two cateyories: shortrange(smalltime scaleslandlong range(largeto in nite time

scales)In mostof thesestudiesthepaclet arrivalsinto anassemblygueuefrom mary independentraf ¢ sourcesvere
assumedo be PoissonFor atimer-basedassemblyalgorithm,thesizeof a burstis equalto the sumof thesizeof all the
pacletsarriving in a x edtime period,andwasshovn in [11] to be a Gaussiardistributedrandomvariableaccording
to thecentrallimit theorem.Corversely for aburstlength-basedssemblyalgorithm,theburstinter-arrival timeshave a
Gaussiaristribution. Similarobsenationswerereportedvia simulationin [7,10,13]. Thegenerakonclusioris thatthe



shortrangeburstinessn theinput paclettrafc is alleviateddueto burstassemblyandthe smoothedassembledburst
traf c canenhanceéhenetwork's performance.

An importantcharacteristiof today's Internettraf ¢ is its long rangedependeng which increaseglatalossand
delay and decreasesetwork resourceutilization in electronicpaclet switchednetworks. Although it was claimed
in [12] that burst assemblyalgorithmscould reducethe long rangedependengin the input IP paclet trafc, [7,11]
pointedoutthatlong rangedependengin thetraf ¢ will notchangeafterburstassemblyOntheotherhand theresults
in [14] shavedthatthe in uence of the long rangedependengc on the performanceof an OBS node(i.e., in termsof
burstlossrate)is negligible becausef its bufferlessnature.

If atimerbasedassemblyschemeis used,the bursts' inter-arrival time will be a constant. Furthermore,if a
burstlength-basedssemblyalgorithmis used the varianceof theinter-arrival time of the burstscomingfrom different
edgenodesmay becomesmallwhenthetrafc loadis heary. In suchcasesundesirablgersistentollisionsof bursts
from differentsourcesnighthapperif thesesourcesareadwerselysynchronizedAdding arandomizedxtra offsettime
ateachedgenodemay preventsuchsynchronizatiormamongthe sources.

5 Burst Resewration Protocols

Althoughthe concepbf burstswitchingwasintroducedor centralizedT DMA systemg15] andATM networks[16] in
early 1990, protocolssuitablefor high speed/NDM optical networkswerenot developeduntil 1997[3]. In this section,
we will rst give anoverview of early bursttransmissiorprotocolsfollowed by anintroductionto protocolsfor OBS
networks.

In [16], the authorevaluatedtwo burstlevel admissioncontrol mechanismgor ATM networks: tell-and-wait and
tell-and-go.In theformer, whena sourcehasa burstto transmit,it rst triesto resene the bandwidth/vavelengthfrom
the sourceto its destinatiorby sendinga short requestmessageEvery intermediatenodereceving this messagavill
make a resenationon a speci ¢ outputlink. If the requestedandwidthis successfullyeseredon all thelinks along
the path,an ACK will be sentbackto inform the sourceto sendout the burstimmediately;Otherwise,a NAK will be
returnedto releasethe previously resered bandwidth,andinitiate the retransmissiomf the ‘request'messagefter a
bacloff time. In tell-and-go,on the otherhand,the sourcetransmitsburstswithout makingarny bandwidthresenation
in adwance.At anintermediatenode,the burstneedgo be delayedbeforethe switch controlunit makesanappropriate
resenationon anoutgoinglink. If theresenationfails atary intermediatenode,a NAK will besentbackto thesource
to initiate theretransmissiomf the burstaftera bacloff time.

Variousperformanceomparisongin termsof e.g.,throughpuianddelay)betweerthesewo conceptuabpproaches
weregivenin [16]. It hasbeenfoundthattell-and-wait outperformgell-and-gowhenthepropagtiondelayis negligible
with respecto the burstlength. Theoppositebecomesruewhenthe propagtiondelayis signi cant comparedvith the
burstlength.

Theconcepbf tell-and-goformsthebasisof TerabitBurstSwitching[5]. With thisapproachin orderto compensate
for the control paclet processindime andpreventa burstfrom enteringthe switchingfabric beforeits con gurationis
nished, a x eddelayis insertednto thedatapathusingaFDL ateachinputport. Ontheotherhand Just-In-Tme (JIT),
whichwas rst proposedn [15], canbe consideredisa variantof tell-and-wait asit requireseachbursttransmission
requesto besentto a centralschedulerThe scheduletheninformseachrequestingnodethe exacttime to transmitthe
databurst. Here,theterm Just-In-Time meanshatby thetime a burstarrivesanintermediatenode the switchingfabric
hasalreadybeencon gured. This conceptwaslaterappliedandextendedto a WavelengthRoutedOBS network [13].
Sincecentralizedprotocolsare neitherscalablenor robust, [17] provided a distributed versionof JIT protocol called
Resenration with just-In-Time, which requiresa copy of the requestto be sentto all switches(eachhasa scheduler)
concurrently Theseschedulerarenotonly synchronizedn time, but alsosharethe samegloballink statusnformation,
which makestheimplementatiordif cult. Theauthorsof [18] proposedanotherdistributedversionof the JIT protocol
basedon hop-by-hopresenationwhich adoptssomefeaturesof the JustEnoughTime (JET) protocol[3, 4].

JET s themostprevailing distributedprotocolfor OBS networks todaywhich doesnot requireary kind of optical
buffering or delayat eachintermediatenode[3, 4]. It accomplisheshis by letting eachcontrol paclet carry the offset
timeinformationandmale thesocalleddelayedresenationfor thecorrespondingpurst,i.e., theresenationstartsatthe
expectedarrival time of theburst. In theexampleshavn in Figure5, thebandwidthis resenedfor the rst burststarting
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Figure5: JET Protocol

from the burstarrival time insteadof the arrival time of control paclet. At eachintermediatenode,the offsettime is
updatedreduced}o compensatéor theactualcontrolpaclet processing/switchon gurationtime (seeFigure2). Note
thatthe delayexperiencedy acontrolpaclet mightvary for differentreasonsin addition,whenwe considerde ection
routingin anOBS network, theminimal offsettime for the primary pathmight not be enoughif the bursttakesalonger
alternatepath.In sucha caseanextra offsettime canbeadded4].

Anotherimportantfeatureof JET is that the burstlengthinformationis also carriedby the control paclet, which
enablest to make aclosed-endedesenation(i.e.,only for theburstdurationwith automatiaelease)nsteadof anopen-
endedresenation(i.e., whichwould not beterminateduntil areleasesignalis detected)This closed-endedesenation
helpstheintermediatenodemale intelligentdecisionsasto whetherit is possibleto make aresenationfor a new burst
andthusthe effective bandwidthutilization canbe increased An exampleis shovn in Figure5 wherethe resenation
for the2ndburstarrival in Casesl and2 cansucceedf andonly if atthetime whenthe 2nd control paclet arrives,the
intermediatenodemalkesclosed-endedesenationsfor boththe rst andsecondoursts.

6 Burst Switching

In a corventionalelectronicrouter/switch contentionbetweerpacketscanberesohed by buffering. However, in OBS
networks, no or limited buffering is available andthus burst schedulingand contentionresolutionmustbe donein a
differentmanner

6.1 SchedulingAlgorithms

Whenwavelengthcorversioncapabilityis assumedanincomingburstmay be schedulednto multiple wavelengthsat
the desiredoutputport. A burstschedulemwill choosea properwavelengthfor this bursttakinginto consideratiorthe
existing resenationsmadeon eachwavelength,andmake a new resenation on this selectecchannel.Below, we will

describeseveral schedulingalgorithms.

The schedulinghorizonis de ned asthe latesttime at which the wavelengthis currently scheduledo bein use.
In Figure6, for example,time t2is the schedulinghorizonfor channelC;. A simpleschedulingalgorithm: Horizon
[5], which is alsocalledthe LAUC (latestavailable unschedule@hannel)algorithmin [7] works asfollows, for each
wavelength,a singlescdedulinghorizonis maintained.Only the channelsvhoseschedulinghorizonsprecedehe new
burst's arrival time areconsideredavailable” andthe onewith the latestschedulinghorizonis chosen.The horizonis
thenupdatecdaftermakingtheresenationfor the next burst. The basicideafor this algorithmis to minimize bandwidth
gaps/\oids createdas a resultof making a new resenation. In Figure 6, channelC3; will be resered if Horizon is
applied.

Simplicity in bothoperationandimplementatioris the main advantageof the Horizon-basedlgorithms.However,
they wastethe gaps/widsbetweerntwo existing reserations,e.g.,t? —t; onchannelC; in Figure6. Whena FDL setis
availableor theoffset-timebased0S[19] schemeo be mentionedn thefollowing sectionis applied,mary suchvoids
will be generatedTherefore algorithmscapableof void lling, i.e., makingnew reserationswithin existing gapsare
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desirable For example,usingLAUC-VF (LAUC with void lling) proposedn [7], channelC; will bechosen.

Severalvariantsof the LAUC-VF algorithmincludingMin-SV (StartingVoid), Min-EV(Ending Void) andBestFit
were proposedn [20]. Min-SV is functionally the sameas LAUC-VF but a muchfasterimplementatioris achieved
usinga techniquefrom computationageometry On the otherhand,Min-EV triesto minimize the new void generated
betweertheendof new resenationandanexisting resenationwhile BestFit triesto minimizethetotallengthof starting
andendingvoidsgenerateédftertheresenation. Figure6 illustratesthe outcomef thesethreeschedulingalgorithms.

| Algorithms | Time compledity | Stateinformation | BandwidthUtilization |

LAUC o(W) Horizon; Low
LAUC-VF | O(WIogV) S Ei High
Min-SV/EV O(lOgM ) SZ‘)]‘, Eiﬁj ngh
Best-Fit O(IogzM ) Si,jy Ei,j ngh

Tablel1: Comparisorof DifferentschedulingAlgorithms

The performanceof variousschedulingalgorithmswas comparedn [20], which shavs that LAUC-VF, Min-SV,
Min-EV and BestFit have a comparablebandwidthutilization (or loss rate) which is much higher (or lower) than

Horizonbasedalgorithms.Therunningtime compleity of differentschedulingalgorithmswasalsoanalyzed.Table1
summarizesheabove discussiorusingthefollowing notations:

e W: Numberof wavelengthsat eachoutputport
e M : Maximumnumberof databursts(or resenations)on all channels
e Horizon;: Horizonof theit" datachannel

e S, ; andE, ;: Startingandendingtime of j " reserationon channei

From Table 1, the Min-SV/EV algorithmsare the mostdesirableamongall void- lling algorithms. In fact, onecan
minimizethevoid newly generatedby rst searchindgor apropervoid usingMin-EV rst, andthenif (andonly if) such
apropervoid cannotbe found,searcHor ahorizonusingMin-SV.



6.2 Contention Resolution

Usingoneway resenationprotocolssuchasJET, theingressnodesendsout burstswithout having resenationacknavl-

edgement®r global coordination. This however, requiresan intermediateOBS nodeto resole possiblecontention
amongbursts. In a bufferlessOBS network, contentionamongthe burstscanbe resolhed in threeways: de ection,
droppingandpreemption.

Throughde ection, a burstis sentto a differentoutputchannelinsteadof the preferredone. Sincecontentioncan
only happenwhenburstscompetefor the samewavelengthon the sameoutputport simultaneouslyde ection canbe
appliedin wavelength spaceand/ortime domains.

e Wavelengthdomain:a contendingourstcanbe senton anothemwavelengththroughwavelengthcorversion.

e Spacedomain:a contendingourstcanbe sentto a differentoutputport andthenfollow analternaterouteto the
destinatior{4].

e Time domain:by passinghroughanFDL, a contendindourstcanbe delayedfor a x edtime[4,19].

If acontendingourstcannotbe de ecteddueto the unavailability of any wavelength,outputportor FDL, dataloss
becomesnevitable. More speci cally, a commonapproachs to drop the incomingburst (which is a non-preemptie
approach).In addition, it is possiblefor the incomingburst to preemptan existing burst basedon priority or trafc
pro le. It is alsopossibleto breaktheincomingburstor theexisting burstinto multiple segments andeachsegmentcan
thenbede ected,droppedor preemptedThis approactwascalledburstsegmentationin [21,22] andOCBSin [23].

| Contentiorresolution | Advantages | Disadwantages |
WavelengthCorversion | Much lower burstloss Immatureandexpensve technology
FDL buffer Conceptuallysimple;Maturetechnology | Bulky FDLs; Extradelay;More voids
De ection routing No extra hardwarerequirement Outof orderarrivals; Possiblanstability
BurstSegmentation Finercontentiorresolution Complicatedcontrol

Table2: Comparisorof DifferentContentionResolutionSchemes

Table2 givesa brief summaryof thesecontentiorresolutionschemesNotethatsomeof thesecontentiorresolution
schemeganbeappliedjointly. For example,insteadof simply forwardinga burstontoanalternateroute (usingde ec-
tion routing) whencontentionrhappenspnecande ect a burstalonga pre-determinegaththatreturnsthe burstto the
nodewherethe de ection occurredandthenforwardsit alongthe original route. With this approachthe network acts
like abuffer (or FDL).

Unlike all the contentionresolutionschemesnentionedabore which work in a passve manneri.e., taking certain
actionsaftera contentionoccurs,onemay collectthe burstlossperformancestatisticson differentwavelengthsandrank
themwith priorities accordingly Burstsarethenassignedo higherpriority wavelengthswhich have lower burstloss
rateswheneer possiblg24]. However, this approaclktanonly betakenby edgenodesin anetwork withoutwavelength
converters.We obsere thatonecanalsopro-actvely reduceburst contention(andloss) by usingeitherthe electronic
buffer atanedgenodeor FDLs at anupstreanmodeto sequentializeéhe burstson asfew wavelengthsaspossiblesoas
to reducethe numberof burstswhich might causeoverlappedesenationson anoutputchannekt a dovnstreanmode.

7 Towards an Optical Inter net

Over the pastfew years,runningIP applicationdirectly above the opticallayerhasrecevved a considerabl@mountof
attention. In this section,we give an overview of severalinitial stepstoward building an optical Internetbasedon the
OBSparadigm.



7.1 Sewicediffer entiation

Muchresearchwvork hasbeendevotedto QoSprovisioningin thelnternet.However, variousinternetservicedisciplines
andpaclet schedulingalgorithmsdevelopedin theliteraturearebasedon electronicpacket switchingandmandatethe
useof buffers. In theopticaldomain,aFDL canprovide alimited anddeterministicdelaybut it is incapableof providing
mostof the buffer managemerfunctionsasanelectronicRAM does.To addresshe discrepang betweera bufferless
OBS network and an electronicpaclet switchednetwork, threedifferentapproachesave beenproposedo provide
servicedifferentiationin OBS networks.

Arrival time of
new control packet

le—O0ffset 1—>class 1 (low priority)

Offset 2 class 2 (high priority)
Existing reservation time

Figure7: Offset Time's Effect on BurstLoss

The rst approachmanagefoSon a classby classbasisusingdifferentextra offsettimesfor differentclassef
bursts[19]. The basicideais by giving a larger extra offset time to a higher priority class,reseration for a higher
priority burstcanbe madein muchadwancethanlower priority burstsandthushasa betterchanceto succeedFigure7
shavs thatalong offsettime enablesa high priority classburstto succeedn makingaresenation. Studieshave shovn
that the probability that a low priority burstwill block a high priority burst canbe negligible whenthe differenceof
offsettime betweertheseclassess afew timesof the averageburstlengthof thelow priority class[19].

Althoughthe offsettime basedlifferentiationis easyto implementandprovidesef cient isolationbetweerservice
classesvhenasufciently large extra offsettime is assignedo higherpriority bursts,the extra offsettime introduces
anadditionaldelayat the edgeandin addition,the performanceof the differentiationdependsn the burstlengthand
inter-arrival time distributions. Active droppingwasthusproposedo avoid theshortcomingsnentionedabove [25,26].
In this alternatve to the offsettime basedlifferentiation selectve droppingof burstsis initiatedaccordingo eitherloss
ratemeasuremertr traf ¢ pro le to guaranteg¢hatthe high priority classwill have a betterchanceto make successful
resenations.

While the abore two approachesanprovide differentiationat the burstlevel, differentiationat the paclet level can
be achieved with burst sggmentation.In suchan approachpacletsfrom differentserviceclassesare assemblednto
differentbursts. When contentionoccurs,low priority burstswill be sggmentedand experiencea higher paclet loss
probability Alternatively, insteadof assemblinga burst with pacletsfrom a single serviceclassonly, pacletsfrom
low priority serviceclassexanbeassembledo form thetail or headof eachburst,whereagacletsfrom high priority
serviceclassesareassembledn the middle of eachburst. If segmentsat thetail or headof a burstaredroppedwhen
contentiondappendifferentiationon pacletlosscanbeachiezed[22].

7.2 IP/\WDM Multicast and TCP over OBS

Mary of today's andemenping Internetapplicationscanbe moreef ciently supportedusingmulticast. A straightfor
wardway to do multicastingin an OBS network is SeparatéMulticastin which multicasttraf ¢ andunicasttrafc are
assembledeparatelynto differentbursts.To reduceheoverheadlueto guardbandsandcontrolpacletassociategvith
eachburst,a schemecalled Tree-Shared/ulticastingwasproposed27], wherebymulticasttraf ¢ belongingto differ-
entmulticastsessionganbe assembledogetherin a burst,which is thendeliveredvia a sharedmulticasttree. Various
criteriafor determiningwhethertwo multicastsessionshouldsharea treeandvariousalgorithmsfor constructinghe
sharedmulticasttreeswerepresentedn [27]. Sinceit is possiblethatsomedatain a burstis deliveredto non-intended
destinationsia a sharedmulticasttree, the bene t of multicastsharingstrateyy dependon the degreeof overlapping
amongthe multicastsessionshatsharethe multicasttree.

OBS networks also have unique characteristicshat affect TCP throughputperformance.Since TCP is the most
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widely usedprotocolfor datatransmissionginderstanding CP performancen an OBS network, which maybecomea
futureInternetbackboneandsupportalargeamountof TCPtraf ¢, isthusof muchinterest.Severalrecentstudieshave
investicatedthe interactionshetweenOBS and TCP congestioncontrol mechanisms For example,the studyin [28]
foundthatthe burstassemblyprocessntroducesa delaypenaltyin TCPthroughputbecausét increaseshe roundtrip
time,whichin turndecrease$CPthroughput.Ontheotherhand theenlagedtransmissiomnit from a pacletto aburst
canincreasgheamountof datasentbetweertwo lossesresultingin theso-called'correlationgain”. More speci cally,
a TCPsourcewith arelative low accesdandwidthin thelocal IP acceshetwork anda smallburstassemblytime atthe
edgecanhave only oneTCP segmentin eachburst,andthusthereis no correlationgain. But sincethe delaypenaltyis
alsoinsigni cantin this casethethroughpuis similarto thatwithoutburstassemblyFor aTCPsourcewith arelatively
high acces$andwidthanda large burstassemblytime, all TCP segmentsfrom onesendingwindow canbe assembled
into oneburst, andhence the correlationgain is maximizedbut the delay penaltyis alsolarge. In our recentstudies,
we have foundthatfor a TCP sourcewhich hasa mediumaccesdandwidth(betweeriow andhigh relative to the burst
assemblyime), usinganadaptie assemblyalgorithmyieldsthebestthroughpubecausé& canadjusttheassemblyime
to matchthe TCP congestiorcontrolmechanisms.

7.3 LOBS

The generalityof the evolving G-MPLS framavork makesit a versatileframework for variousunderlyingswitching

paradigmsFor example,whenG-MPLSis appliedto OCSin theformsof MP S, awavelengthis treatedasthelabel.

But sucha - LabelledSwitch Path(LSP),which correspondso a lightpath,cannotbe aggrejatedat the intermediate
nodedueto the lack of wavelengthmerging technology In orderto groomor aggr@atetrafc carriedon different
lightpaths eachlightpathneedgo go throughO/E/O corversion.

As a naturalextensionof the G-MPLS in OBS networks, LabelledOBS(LOBS)was proposedn [29]. LOBS s
built uponOBS by letting eachcontrol paclet carry additionallabel information. One of the major bene ts of LOBS
is to facilitatethe seamlessntegrationof IP andWDM by usingIP-basedprotocolsfor control while switchingdata
all-optically. And unlike MP S, the associatiorbetweenra labelanda wavelengthin LOBS is not on the time scaleof
a connectiorbut thatof eachburst, thusmakingsub-wavelengthgranularityandstatisticalmultiplexing possible .Even
withoutwavelengthconversioncapability burstsbelongingto the samel. SP (calledLOBS path)canbe senton different
outputwavelengthsat the ingressnode(with a tunabletransmitter).More important,the burstsbelongingto different
LSPscaninterleare on the samewavelength,thatis, burstsarriving on differentLSPs(on the samewavelength)can
now be memgedinto anaggrejatedLSP,

8 Concluding Remarks

In this tutorial, we have rst given an introductionto optical burst switching (OBS). Comparisorbetweenthis nen
switching paradigmwith otherexisting optical switching paradigmshasbeenmade,andit hasbeenshovn that OBS
is not only a cost-efective but alsoa viable solutionfor the next generatioroptical Internet. We have provided a brief
historicalreview of the earlywork on burstswitchingaswell asthe stateof theartincludingthe prevailing resenation
protocolfor OBSnetworks, calledJust-Enough-ime (JET)anddescribedts majorfeaturesandbene ts.

This tutorial hasalso attemptedo provide a comprehensie coverageof researchissuesrelatedto OBS. Among
theissuescoveredarevariousburstassemblyalgorithmsusedat the edgeof an OBS network aswell astheir effecton
traf c characteristicef the assembledbursttrafc andin turn the TCP performance We have alsopresented/arious
schedulingalgorithmsaswell asburst contentionresolutionstrat@iesusedin the OBS core. It hasbeenpointedout
thatbandwidth-etient schedulingalgorithmslike Min-SV canhave a fastimplementationandthatburstlosscanbe
reducedusing pro-actve burst contentionresolutionalgorithmsrunningat the edge(in additionto the core). Finally,
recentwork on QoSsupport,|P/WDM multicastandG-MPLS extensionhave beendiscussed.

In additionto the challengesn implementingfastandscalableswitchingfabrics,andrelateddevicessuchasFDLs
and all-optical wavelengthcorverters,thereare mary openissuesin OBS architectureresearch.Chief amongthem
are LOBS pathprovisioning, protection/restoratioschemesswell asdifferentiationschemedo combatburstlosses
dueto the inevitable burst contentionin a bufferlessOBS network. Othersinclude ef cient supportof a mixed set
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of periodicalconnectiongto emulateSONET)andnon-periodicabursttransmissionsaccuratesingle-nodeaswell as
end-to-endperformanceanalysisin OBS networks, quantitatve costand performancecomparisorbetweenOBS and
otherswitchingparadigmsandthe designandevaluationof variousTCPimplementationgver OBS.

OBS hasreceied a lot of attentionduring the pastfew yearsandis fastbecominganimportantareaof research.
Thistutorial will hopefullybecomea usefulresourcdor researchergorking on OBS or thosenew to this topic.
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