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Abstract

In this tutorial,we give anintroductionto opticalburstswitching(OBS)andcompareit with otherexisting optical
switchingparadigms.Basicburst assemblyalgorithmsandtheir effect on assembledburst traf�c characteristicsare
described�rst. Thena brief review of the early work on burst transmissionis provided followed by the description
of a prevailing protocolfor OBSnetworkscalledJust-Enough-Time (JET).Algorithmsusedat anOBScorenodefor
burst schedulingaswell ascontentionresolutionstrategiesarepresentednext. Tradeoffs betweentheir performance
andimplementationcomplexities arediscussed.Recentwork on QoSsupport,IP/WDM multicast,TCPperformance
in OBSnetworksandLabelledOBSis alsodescribed,andseveralopenissuesarementioned.

1 Intr oduction

With recentadvancesin wavelengthdivision multiplexing (WDM) technology, theamountof raw bandwidthavailable
in �ber links hasincreasedby many ordersof magnitude.Meanwhile,therapidgrowth of Internettraf�c requireshigh
transmissionratesbeyonda conventionalelectronicrouter's capability. Harnessingthehugebandwidthin optical �ber
cost-effectively is essentialfor thedevelopmentof thenext generationopticalInternet.

Severalapproacheshavebeenproposedto takeadvantageof opticalcommunicationsandin particularopticalswitch-
ing. Onesuchapproachis optical circuit switchingbasedon wavelength(� ) routingwherebya lightpathneedsto be
establishedusinga dedicatedwavelengthon eachlink from sourceto destination.Oncetheconnectionis setup, data
remainsin the optical domainthroughoutthe lightpath. An alternative to optical circuit switching is optical packet
switching. In opticalpacket switching,while thepacket headeris beingprocessedeitherall-optically or electronically
after an Optical/Electronic(O/E) conversionat eachintermediatenode,the datapayloadmustwait in the �ber delay
linesandbeforwardedlaterto thenext node[1,2].

In orderto provide opticalswitchingfor next generationInternettraf�c in a �e xible yet feasibleway, a new switch-
ing paradigmcalled optical burst switching (OBS) was proposedin [3–5]. VariousOBS approacheswith different
tradeoffs have sincebeendescribed(seepaperslisted in http://www.cse.buffalo.edu/∼yangchen/OBSPubyear.html,
http://www.utdallas.edu/∼vinod/obs.htmlandhttp://www.ikr.uni-stuttgart.de/∼gauger/BurstSwitching/).Therearetwo
commoncharacteristicsamongthesevariants:

• Client data(e.g., IP packets)goesthroughburst assembly/disassembly(only) at the edgeof an OBS network,
nevertheless,statisticalmultiplexing at theburstlevel canstill beachievedin thecoreof theOBSnetwork.

• Dataandcontrolsignalsaretransmittedseparatelyondifferentchannelsor wavelengths(� 's)1, thus,costlyO/E/O
conversionsareonly requiredona few controlchannelsinsteadof a largenumberof datachannels.

In this tutorial, we �rst introducethebasicideaof OBS,compareit with otherswitchingparadigmsandpoint out
why OBSis a viabletechnologyfor thenext generationoptical Internet.Techniquesfor generatinga burstat theedge

1Hereafter, wewill usethetermschannelandwavelength(or � ) interchangeably.
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of anOBSnetwork arestudiednext, followedby discussionson variousburstreservationprotocols.Characteristicsof
the burst traf�c assembledusingdifferentassemblyalgorithmsarealsoanalyzed.The subsequentsectionfocuseson
issuesat a coreOBS node: namelyburst schedulingandcontentionresolution. Recentefforts on supportingservice
differentiation,IP/WDM multicast, the performanceof TCP and other issuesrelatedto traf�c engineeringin OBS
networksaredescribedat theend.

2 OBSFundamentals
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(a)BurstAssembly
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(b) BurstDisassembly

Figure1: BurstAssembly/Disassemblyat theEdgeof anOBSNetwork

In an OBS network, various typesof client dataare aggregatedat the ingress(an edgenode)and transmitted
asdatabursts(Figure1(a)) which later will be disassembledat the egressnode(Figure1(b)). During burst assem-
bly/disassembly, theclientdatais bufferedat theedgewhereelectronicRAM is cheapandabundant.

O
f
f
s
e
t
" 
 
=
 
T
-
2
d
 c
o
n
t
r
o
l

c
h
a
n
n
e
l


d
a
t
a

c
h
a
n
n
e
l


O
O
O


O
E
O


O
O
O


O
E
O


O
f
f
s
e
t
'
 
=
 
T
-
d


O
O
O


O
E
O


O
f
f
s
e
t
 
=
T
  
C
o
n
t
r
o
l

 
 
P
a
c
k
e
t


 
D
a
t
a

B
u
r
s
t


Figure2: SeparatedTransmissionof DataandControlSignals

Figure2 depictstheseparationof dataandcontrolsignalswithin thecoreof anOBSnetwork. For eachdataburst,a
controlpacketcontainingtheusual”header”informationof apacketincludingtheburstlengthinformationis transmitted
on a dedicatedcontrol channel. Sincea control packet is signi�cantly smallerthan a burst, one control channelis
suf�cient to carry control packetsassociatedwith multiple (e.g.,hundredsof) datachannels.A control packet goes
throughO/E/Oconversionat eachintermediateOBSnodeandis processedelectronicallyto con�gure theunderlying
switchingfabric. Thereis anoffset time betweena controlpacket andthecorrespondingdataburst to compensatefor

2



theprocessing/con�gurationdelay. If theoffsettime is largeenough,thedataburstwill beswitchedall-optically andin
a“cut-through”manner, i.e.,withoutbeingdelayedatany intermediatenode(core).In thisway, noopticalRAM or �ber
delaylines(FDLs) is necessaryat any intermediatenode.Nevertheless,theburst-level granularityleadsto a statistical
multiplexing gain which is absentin opticalcircuit switching. Furthermore,it allows a lower controloverheadperbit
thanthatin opticalpacket switchingasto bediscussednext in moredetail.

3 Qualitati veComparison
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(a)OCSnode
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(b) O/E/Oswitch/node
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(c) OPSnode
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(d) OBSnode

Figure3: Comparisonof DifferentSwitchingNodeArchitectures

Basic switching nodearchitecturesusedby variousswitching paradigmsare illustratedand comparedin Figure
3. At an optical circuit switching (OCS) nodeshown in Figure 3(a), oncea lightpath is setup,all datacarriedby
one input � will go to a speci�c output � . Sinceno O/E/O conversionof dataat any intermediatenodeis needed,
multi-hop transparency (in termsof the bit rate,protocolandcodingformat used)canbe achieved. On average,the
connectiondurationshouldbeon theorderof minutesor longerassettingup or releasinga connectiontakesat leasta
few hundredsof milliseconds.Shorterdurationconnectionsneededto accommodatesporadicdatatransmissionswill
resultin aprohibitively highcontroloverhead.A majordifferencebetweenOCSandtheotherthreeapproachesdepicted
in Figure3 is thatin OCS,no statisticalmultiplexing of theclient datacanbeachievedat any intermediatenode.More
speci�cally, in thecore,bandwidthis allocatedby one� at a time, which is a coarsegranularity. In practice,however,
mostof today'sapplicationsonly needthesub-� connectivity. In addition,high-bit ratecomputercommunicationsoften
involve “bursts”thatlastonly a few secondsor less.

To overcometheabovede�ciency of theOCSapproach,O/E/OconversioncanbeintroducedaboveanOCSnetwork
in the IP andSONETlayersfor example. Theelectronicswitchingnodeusedin suchanO/E/Oapproachis depicted
in Figure 3(b). Here, statisticalmultiplexing of the client dataat the sub-� granularity is possiblewith electronic
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processingandbuffering(notshown in Figure3(b)). Sinceeverydataunit needsto gothroughO/EandE/Oconversion,
this approachis not scalableenoughto supporthundredsof wavelengths,eachworking at 40Gbpsor beyond(theneed
for which is anticipatedin the nearfuture). In addition,electronicswitchesareknown to suffer from problemssuch
aslimited capacityandhugepower/spaceconsumptionandheatdissipationin additionto requiringexpensive O/E/O
conversions.Note that,althoughnot shown, eitheran optical crossconnector optical add-dropmultiplexor may also
be usedin conjunctionwith an electronicswitch for wavelengthgranularitytraf�c that doesnot needto go through
the electronicswitch. A hybrid, multi-layer network consistingof suchnodes,eachconsistingof both an electronic
switch/routerandanopticalcrossconnect,is onewayto combinethestrengthof theopticsandelectronics,but certainly
not theonly way to doso,andin factmaynotbetheultimatelong-termsolution.

Sinceall-optical headerprocessingwill not be economicallyviable in the nearfuture due to the immaturity of
high-speedoptical logic, the optical packet switching (OPS)approachwill likely requireeachheaderto go through
O/E conversionfor processingandE/O conversionfor transmission(Figure3(c)). An importantdifferencefrom the
previousO/E/Oapproachis thathere,theheadercanpotentiallybesentat a muchslower ratethanthedatausingfor
instancesub-carriermultiplexing, therebyeasingthe speedrequirementon the O/E/O conversiondeviceswhile still
maintaininga high datathroughput.Nevertheless,OPSis dif�cult to implementbecauseof its needfor a largenumber
of O/E/Oconversiondevices(onesetfor eachwavelength),headerextraction/insertionmechanisms(thoughnot shown
in the �gure) aswell asFDLs andpacket synchronizers.Note that, an optical cross-connector add-dropmultiplexor
mentionedabove canalsobeusedin conjunctionwith theOPSnodesor OBSnodesto bediscussedbelow if/when it is
moreeconomicto doso.

In the OBS paradigm,only a few control channels(e.g.,oneper �ber) go throughO/E/O conversion(seeFigure
3(d)). Given that thedatais switchedall-optically at burst level, datatransparency andstatisticalmultiplexing canbe
achieved concurrently. SinceOBStakesadvantageof both thehugecapacityin �bers for switching/transmissionand
thesophisticatedprocessingcapabilityof electronics,it is ableto achieve costreductionandleveragethetechnological
advancesin both optical and electronicworlds, which makes it a viable technologyfor the next generationoptical
Internet.

At anOBSnode,nosynchronization/alignmentof burstsis necessaryunlesstheswitchingfabricoperatesin aslotted
manner. In addition,FDLs andwavelengthconverterswhich areoptionalcanhelpin reducingburstloss[6]. Currently,
it is a challengeto implementanOBSswitchingfabricwith hundredsof portsoperatingat a switchingspeedwhich is
on theorderof nanoseconds.Nevertheless,on-goingresearchwork hasshown promise[7–9].

4 Burst Assembly
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Figure4: Architectureof anOBSIngressNode

Burst assemblyis the procedureof aggregating packets from varioussources,suchasan IP router, into burstsat
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theedgeof anOBSnetwork. Thearchitectureof a typical OBSingressnodeis shown in Figure4. Theswitchingunit
forwardsincomingpacketsto burstassemblyunits.Thepacketsto thesameOBSegressnodeareprocessedin oneburst
assemblyunit. Usually, thereis onedesignatedassemblyqueuefor eachtraf�c class(or priority). Theburstscheduleris
in chargeof creatingburstsandtheir correspondingcontrolpackets,adjustingtheoffsettime for eachburst,scheduling
burstsoneachoutputlink andforwardingtheburstsandtheir controlpacketsto theOBScorenetwork [7].

Recentstudieson burst assemblyhave shown that differentassemblyschemesaffect the assembledburst traf�c' s
characteristics[10,11]. In thefollowing subsections,wewill describeseveralassemblyalgorithmsanddiscussstatistical
characteristicsof theassembledbursttraf�c.

4.1 Assemblyalgorithms

Usually, assemblyalgorithmscanbe classi�ed as timer-based, burstlength-basedandmixedtimer/burstlength-based
ones[11,12].

In thetimer-basedscheme,a timer startsat thebeginningof eachnew assemblycycle. After a �x edtime T, all the
packetsthatarrived in this periodareassembledinto a burst. In theburstlength-basedscheme,thereis a thresholdon
the(minimum)burstlength.A burstis assembledwhenanew packetarrivesmakingthetotal lengthof currentbuffered
packetsexceedthethreshold.

Thetime out valuefor timer-basedschemesshouldbesetcarefully. If thevalueis too large,thepacket delayat the
edgemightbeintolerable.If thevalueis toosmall,toomany smallburstswill begeneratedresultingin ahighercontrol
overhead.While timer-basedschemesmight resultin undesirableburstlengths,burstlength-basedassemblyalgorithms
do not provide any guaranteeon theassemblydelaythatpacketswill experience.To addressthede�ciency associated
with eachtype of the assemblyalgorithmsmentionedabove, mixedtimer/threshold-basedassemblyalgorithmswere
proposedin [7, 11]. For example,in [11], a burst canbe sentout wheneither the burst lengthexceedsthe desirable
thresholdor thetimerexpires.

Adaptiveassemblyalgorithmswerealsoproposedto optimizetheperformanceof OBSnetworksin whicheitherthe
timethresholdor theburstlengththresholdor bothareadjusteddynamicallyaccordingto realtimetraf�c measurements.
They provide betterperformanceespeciallywith stronglycorrelatedinput packet traf�c but have a higheroperational
complexity.

After aburstis generatedusingthealgorithmsmentionedabove, theburstis bufferedin thequeuefor anoffsettime
beforebeingtransmittedto give its correspondingcontrolpacket enoughtime to make reservationsat thedownstream
nodesasshown in Figure2. During this offsetperiod,packetsmaycontinueto arrive. Including thosepacketsin the
sameburstis usuallyunacceptablebecausethereservationat thedownstreamsnodesmayhavealreadybeenmadebased
on theoriginalburstlengthrecordin thecontrolpacket. Leaving thosepacketsfor thenext burston theotherhand,will
increasetheaveragedelayespeciallywhenthetraf�c loadis heavy. Oneway to minimizethis extra delayis to perform
burst lengthprediction: let the control packet carry a burst lengthof l + f (t) insteadof l , wherel is the exact burst
lengthwhenthecontrolpacket is sentout, andf (t) is thepredictedextra burst lengthasa resultof additionalpacket
arrivalsduringtheoffsettimet. Assumethatthetotal lengthof packetsactuallyarriving duringtheoffsettime is l(t). If
l (t) < f (t), partof bandwidthreservedwill bewasted.Otherwise(i.e., if l (t) > f (t)), only a few extrapackets(whose
total lengthis aboutl(t) − f (t)) aredelayedto betransmittedin thenext burst.

4.2 Assembledburst traf�c characteristics

Recently, thesensitivity of OBSnetwork performanceto theassembledbursttraf�c characteristicssuchasinter-arrival
time andburst lengthdistribution hasbeenstudied.thesestudieshave focusedon thestatisticalcharacteristicsof burst
traf�c, which canbedivided into two categories:shortrange(small time scales)andlong range(large to in�nite time
scales).In mostof thesestudies,thepacketarrivalsinto anassemblyqueuefrom many independenttraf�c sourceswere
assumedto bePoisson.For atimer-basedassemblyalgorithm,thesizeof aburstis equalto thesumof thesizeof all the
packetsarriving in a �x edtime period,andwasshown in [11] to bea Gaussiandistributedrandomvariableaccording
to thecentrallimit theorem.Conversely, for aburstlength-basedassemblyalgorithm,theburstinter-arrival timeshavea
Gaussiandistribution. Similarobservationswerereportedvia simulationin [7,10,13]. Thegeneralconclusionis thatthe
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shortrangeburstinessin the input packet traf�c is alleviateddueto burstassemblyandthesmoothedassembledburst
traf�c canenhancethenetwork's performance.

An importantcharacteristicof today's Internettraf�c is its long rangedependency, which increasesdatalossand
delay and decreasesnetwork resourceutilization in electronicpacket switchednetworks. Although it was claimed
in [12] that burst assemblyalgorithmscould reducethe long rangedependency in the input IP packet traf�c, [7, 11]
pointedout thatlongrangedependency in thetraf�c will notchangeafterburstassembly. On theotherhand,theresults
in [14] showed that the in�uence of the long rangedependency on theperformanceof anOBSnode(i.e., in termsof
burstlossrate)is negligible becauseof its bufferlessnature.

If a timer-basedassemblyschemeis used,the bursts' inter-arrival time will be a constant. Furthermore,if a
burstlength-basedassemblyalgorithmis used,thevarianceof theinter-arrival time of theburstscomingfrom different
edgenodesmaybecomesmallwhenthetraf�c load is heavy. In suchcases,undesirablepersistentcollisionsof bursts
from differentsourcesmighthappenif thesesourcesareadverselysynchronized.Addingarandomizedextraoffsettime
ateachedgenodemaypreventsuchsynchronizationamongthesources.

5 Burst Reservation Protocols

Althoughtheconceptof burstswitchingwasintroducedfor centralizedTDMA systems[15] andATM networks[16] in
early1990,protocolssuitablefor highspeedWDM opticalnetworkswerenotdevelopeduntil 1997[3]. In thissection,
we will �rst give an overview of earlyburst transmissionprotocolsfollowed by an introductionto protocolsfor OBS
networks.

In [16], the authorevaluatedtwo burst level admissioncontrol mechanismsfor ATM networks: tell-and-wait and
tell-and-go.In theformer, whena sourcehasa burstto transmit,it �rst triesto reserve thebandwidth/wavelengthfrom
thesourceto its destinationby sendinga short`request'message.Every intermediatenodereceiving this messagewill
make a reservationon a speci�c outputlink. If therequestedbandwidthis successfullyreservedon all the links along
thepath,anACK will besentbackto inform thesourceto sendout theburst immediately;Otherwise,a NAK will be
returnedto releasethe previously reserved bandwidth,andinitiate the retransmissionof the `request'messageafter a
backoff time. In tell-and-go,on theotherhand,thesourcetransmitsburstswithout makingany bandwidthreservation
in advance.At anintermediatenode,theburstneedsto bedelayedbeforetheswitchcontrolunit makesanappropriate
reservationon anoutgoinglink. If thereservationfails at any intermediatenode,a NAK will besentbackto thesource
to initiate theretransmissionof theburstafterabackoff time.

Variousperformancecomparisons(in termsof e.g.,throughputanddelay)betweenthesetwo conceptualapproaches
weregivenin [16]. It hasbeenfoundthattell-and-wait outperformstell-and-gowhenthepropagationdelayis negligible
with respectto theburstlength.Theoppositebecomestruewhenthepropagationdelayis signi�cant comparedwith the
burstlength.

Theconceptof tell-and-goformsthebasisof TerabitBurstSwitching[5]. With thisapproach,in orderto compensate
for thecontrolpacket processingtime andpreventa burst from enteringtheswitchingfabricbeforeits con�guration is
�nished, a�x eddelayis insertedinto thedatapathusingaFDL ateachinputport. Ontheotherhand,Just-In-Time(JIT),
which was�rst proposedin [15], canbeconsideredasa variantof tell-and-wait asit requireseachburst transmission
requestto besentto acentralscheduler. Theschedulertheninformseachrequestingnodetheexacttime to transmitthe
databurst.Here,thetermJust-In-Timemeansthatby thetimeaburstarrivesanintermediatenode,theswitchingfabric
hasalreadybeencon�gured. This conceptwaslaterappliedandextendedto a WavelengthRoutedOBSnetwork [13].
Sincecentralizedprotocolsareneitherscalablenor robust, [17] provided a distributedversionof JIT protocolcalled
Reservation with just-In-Time, which requiresa copy of the requestto be sentto all switches(eachhasa scheduler)
concurrently. Theseschedulersarenotonly synchronizedin time,but alsosharethesamegloballink statusinformation,
which makestheimplementationdif�cult. Theauthorsof [18] proposedanotherdistributedversionof theJIT protocol
basedonhop-by-hopreservationwhichadoptssomefeaturesof theJustEnoughTime(JET)protocol[3,4].

JETis themostprevailing distributedprotocolfor OBSnetworkstodaywhich doesnot requireany kind of optical
buffering or delayat eachintermediatenode[3,4]. It accomplishesthis by letting eachcontrolpacket carry theoffset
timeinformationandmakethesocalleddelayedreservationfor thecorrespondingburst,i.e., thereservationstartsat the
expectedarrival timeof theburst. In theexampleshown in Figure5, thebandwidthis reservedfor the�rst burststarting

6



X


o
f
f
s
e
t


T
i
m
e


1
s
t
 
C
o
n
t
r
o
l
 
P
a
c
k
e
t

 
 
 
a
r
r
i
v
a
l
 
t
i
m
e


 
 
1
s
t
 
B
u
r
s
t

a
r
r
i
v
a
l
 
t
i
m
e


2
n
d
 
C
o
n
t
r
o
l
 
P
a
c
k
e
t

 
 
 
 
a
r
r
i
v
a
l
 
t
i
m
e


 
 
 
1
s
t
 
B
u
r
s
t

d
e
p
a
r
t
u
r
e
 
t
i
m
e


C
a
s
e
 
1
 C
a
s
e
 
2


 
 
2
n
d
 
B
u
r
s
t

 
a
r
r
i
v
a
l
 
t
i
m
e


 
 
 
2
n
d
 
B
u
r
s
t

d
e
p
a
r
t
u
r
e
 
t
i
m
e


Figure5: JETProtocol

from the burst arrival time insteadof the arrival time of control packet. At eachintermediatenode,the offset time is
updated(reduced)to compensatefor theactualcontrolpacketprocessing/switchcon�gurationtime(seeFigure2). Note
thatthedelayexperiencedby acontrolpacketmightvary for differentreasons.In addition,whenweconsiderde�ection
routingin anOBSnetwork, theminimaloffsettime for theprimarypathmightnotbeenoughif thebursttakesa longer
alternatepath.In suchacase,anextraoffsettimecanbeadded[4].

Anotherimportantfeatureof JET is that the burst lengthinformationis alsocarriedby the control packet, which
enablesit to makeaclosed-endedreservation(i.e.,only for theburstdurationwith automaticrelease)insteadof anopen-
endedreservation(i.e.,which would not beterminateduntil a releasesignalis detected).This closed-endedreservation
helpstheintermediatenodemake intelligentdecisionsasto whetherit is possibleto make a reservationfor a new burst
andthustheeffective bandwidthutilization canbe increased.An exampleis shown in Figure5 wherethe reservation
for the2ndburstarrival in Cases1 and2 cansucceedif andonly if at thetime whenthe2ndcontrolpacket arrives,the
intermediatenodemakesclosed-endedreservationsfor boththe�rst andsecondbursts.

6 Burst Switching

In a conventionalelectronicrouter/switch,contentionbetweenpacketscanberesolvedby buffering. However, in OBS
networks, no or limited buffering is availableandthusburst schedulingandcontentionresolutionmustbe donein a
differentmanner.

6.1 SchedulingAlgorithms

Whenwavelengthconversioncapabilityis assumed,anincomingburstmaybescheduledontomultiple wavelengthsat
thedesiredoutputport. A burstschedulerwill choosea properwavelengthfor this burst taking into considerationthe
existing reservationsmadeon eachwavelength,andmake a new reservationon this selectedchannel.Below, we will
describeseveralschedulingalgorithms.

The schedulinghorizonis de�ned asthe latesttime at which the wavelengthis currentlyscheduledto be in use.
In Figure6, for example,time t00

1 is the schedulinghorizonfor channelC1. A simpleschedulingalgorithm: Horizon
[5], which is alsocalledtheLAUC (latestavailableunscheduledchannel)algorithmin [7] worksasfollows, for each
wavelength,a singleschedulinghorizonis maintained.Only thechannelswhoseschedulinghorizonsprecedethenew
burst's arrival time areconsidered“available” andtheonewith thelatestschedulinghorizonis chosen.Thehorizonis
thenupdatedaftermakingthereservationfor thenext burst.Thebasicideafor thisalgorithmis to minimizebandwidth
gaps/voids createdas a result of makinga new reservation. In Figure6, channelC3 will be reserved if Horizon is
applied.

Simplicity in bothoperationandimplementationis themainadvantageof theHorizon-basedalgorithms.However,
they wastethegaps/voidsbetweentwo existing reservations,e.g.,t0

1 − t1 onchannelC1 in Figure6. WhenaFDL setis
availableor theoffset-timebasedQoS[19] schemeto bementionedin thefollowing sectionis applied,many suchvoids
will begenerated.Therefore,algorithmscapableof void �lling, i.e., makingnew reservationswithin existing gapsare
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Figure6: Illustrationof SchedulingAlgorithms

desirable.For example,usingLAUC-VF (LAUC with void �lling) proposedin [7], channelC1 will bechosen.

Severalvariantsof theLAUC-VF algorithmincludingMin-SV (StartingVoid), Min-EV(EndingVoid) andBestFit
wereproposedin [20]. Min-SV is functionally the sameasLAUC-VF but a muchfasterimplementationis achieved
usinga techniquefrom computationalgeometry. On theotherhand,Min-EV triesto minimizethenew void generated
betweentheendof new reservationandanexistingreservationwhile BestFit triesto minimizethetotal lengthof starting
andendingvoidsgeneratedafterthereservation.Figure6 illustratestheoutcomesof thesethreeschedulingalgorithms.

Algorithms Timecomplexity Stateinformation BandwidthUtilization
LAUC O(W ) H orizoni Low

LAUC-VF O(W logM ) Si,j , Ei,j High
Min-SV/EV O(logM ) Si,j , Ei,j High

Best-Fit O(log2M ) Si,j , Ei,j High

Table1: Comparisonof DifferentschedulingAlgorithms

The performanceof variousschedulingalgorithmswascomparedin [20], which shows that LAUC-VF, Min-SV,
Min-EV and Best Fit have a comparablebandwidthutilization (or loss rate) which is much higher (or lower) than
Horizonbasedalgorithms.Therunningtime complexity of differentschedulingalgorithmswasalsoanalyzed.Table1
summarizestheabove discussionusingthefollowing notations:

• W : Numberof wavelengthsateachoutputport

• M : Maximumnumberof databursts(or reservations)onall channels

• H orizoni: Horizonof thei th datachannel

• Si,j andEi,j : Startingandendingtimeof j th reservationonchanneli

From Table1, the Min-SV/EV algorithmsarethe mostdesirableamongall void-�lling algorithms. In fact, onecan
minimizethevoid newly generatedby �rst searchingfor apropervoid usingMin-EV �rst, andthenif (andonly if) such
apropervoid cannotbefound,searchfor ahorizonusingMin-SV.
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6.2 Contention Resolution

UsingonewayreservationprotocolssuchasJET, theingressnodesendsoutburstswithouthaving reservationacknowl-
edgementsor global coordination. This however, requiresan intermediateOBS nodeto resolve possiblecontention
amongbursts. In a bufferlessOBS network, contentionamongthe burstscanbe resolved in threeways: de�ection,
droppingandpreemption.

Throughde�ection, a burst is sentto a differentoutputchannelinsteadof thepreferredone. Sincecontentioncan
only happenwhenburstscompetefor thesamewavelengthon thesameoutputport simultaneously, de�ection canbe
appliedin wavelength,spaceand/ortimedomains.

• Wavelengthdomain:acontendingburstcanbesentonanotherwavelengththroughwavelengthconversion.

• Spacedomain:a contendingburstcanbesentto a differentoutputport andthenfollow analternaterouteto the
destination[4].

• Timedomain:by passingthroughanFDL, acontendingburstcanbedelayedfor a �x edtime [4,19].

If a contendingburstcannotbede�ecteddueto theunavailability of any wavelength,outputport or FDL, dataloss
becomesinevitable. More speci�cally, a commonapproachis to drop the incomingburst (which is a non-preemptive
approach).In addition, it is possiblefor the incomingburst to preemptan existing burst basedon priority or traf�c
pro�le. It is alsopossibleto breaktheincomingburstor theexistingburstinto multiplesegments,andeachsegmentcan
thenbede�ected,droppedor preempted.Thisapproachwascalledburstsegmentationin [21,22] andOCBSin [23].

Contentionresolution Advantages Disadvantages
WavelengthConversion Much lowerburstloss Immatureandexpensive technology
FDL buffer Conceptuallysimple;Maturetechnology Bulky FDLs;Extradelay;Morevoids
De�ection routing No extrahardwarerequirement Outof orderarrivals;Possibleinstability
BurstSegmentation Finercontentionresolution Complicatedcontrol

Table2: Comparisonof DifferentContentionResolutionSchemes

Table2 givesabrief summaryof thesecontentionresolutionschemes.Notethatsomeof thesecontentionresolution
schemescanbeappliedjointly. For example,insteadof simply forwardingaburstontoanalternateroute(usingde�ec-
tion routing)whencontentionhappens,onecande�ect a burstalonga pre-determinedpaththatreturnstheburst to the
nodewherethede�ection occurredandthenforwardsit alongtheoriginal route. With this approach,thenetwork acts
likeabuffer (or FDL).

Unlike all thecontentionresolutionschemesmentionedabove which work in a passive manner, i.e., takingcertain
actionsafteracontentionoccurs,onemaycollecttheburstlossperformancestatisticsondifferentwavelengthsandrank
themwith prioritiesaccordingly. Burstsarethenassignedto higherpriority wavelengthswhich have lower burst loss
rateswheneverpossible[24]. However, thisapproachcanonly betakenby edgenodesin anetwork withoutwavelength
converters.We observe thatonecanalsopro-actively reduceburstcontention(andloss)by usingeithertheelectronic
buffer at anedgenodeor FDLs at anupstreamnodeto sequentializetheburstson asfew wavelengthsaspossiblesoas
to reducethenumberof burstswhichmight causeoverlappedreservationsonanoutputchannelatadownstreamnode.

7 Towards an Optical Inter net

Over thepastfew years,runningIP applicationsdirectly above theoptical layerhasreceiveda considerableamountof
attention.In this section,we give anoverview of several initial stepstowardbuilding anoptical Internetbasedon the
OBSparadigm.
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7.1 Servicediffer entiation

Muchresearchwork hasbeendevotedto QoSprovisioningin theInternet.However, variousInternetservicedisciplines
andpacket schedulingalgorithmsdevelopedin theliteraturearebasedon electronicpacket switchingandmandatethe
useof buffers. In theopticaldomain,aFDL canprovidealimited anddeterministicdelaybut it is incapableof providing
mostof thebuffer managementfunctionsasanelectronicRAM does.To addressthediscrepancy betweena bufferless
OBS network andan electronicpacket switchednetwork, threedifferentapproacheshave beenproposedto provide
servicedifferentiationin OBSnetworks.

X


O
f
f
s
e
t
 
2


O
f
f
s
e
t
 
1


t
i
m
e


 
A
r
r
i
v
a
l
 
t
i
m
e
 
o
f

n
e
w
 
c
o
n
t
r
o
l
 
p
a
c
k
e
t


c
l
a
s
s
 
1


c
l
a
s
s
 
2


(
l
o
w
 
p
r
i
o
r
i
t
y
)


(
h
i
g
h
 
p
r
i
o
r
i
t
y
)


E
x
i
s
t
i
n
g
 
r
e
s
e
r
v
a
t
i
o
n


Figure7: OffsetTime's EffectonBurstLoss

The �rst approachmanagesQoSon a classby classbasisusingdifferentextra offset timesfor differentclassesof
bursts[19]. The basicidea is by giving a larger extra offset time to a higherpriority class,reservation for a higher
priority burstcanbemadein muchadvancethanlower priority burstsandthushasa betterchanceto succeed.Figure7
shows thata longoffsettime enablesa highpriority classburstto succeedin makinga reservation.Studieshave shown
that the probability that a low priority burst will block a high priority burst canbe negligible whenthe differenceof
offsettimebetweentheseclassesis a few timesof theaverageburstlengthof thelow priority class[19].

Althoughtheoffsettime baseddifferentiationis easyto implementandprovidesef�cient isolationbetweenservice
classeswhena suf�ciently largeextra offset time is assignedto higherpriority bursts,theextra offset time introduces
anadditionaldelayat theedgeandin addition,theperformanceof thedifferentiationdependson theburst lengthand
inter-arrival timedistributions.Activedroppingwasthusproposedto avoid theshortcomingsmentionedabove [25,26].
In thisalternative to theoffsettimebaseddifferentiation,selectivedroppingof burstsis initiatedaccordingto eitherloss
ratemeasurementor traf�c pro�le to guaranteethatthehigh priority classwill have a betterchanceto make successful
reservations.

While theabove two approachescanprovide differentiationat theburst level, differentiationat thepacket level can
be achieved with burst segmentation.In suchan approach,packetsfrom differentserviceclassesareassembledinto
differentbursts. Whencontentionoccurs,low priority burstswill be segmentedandexperiencea higherpacket loss
probability. Alternatively, insteadof assemblinga burst with packets from a singleserviceclassonly, packets from
low priority serviceclassescanbeassembledto form thetail or headof eachburst,whereaspacketsfrom high priority
serviceclassesareassembledin themiddleof eachburst. If segmentsat the tail or headof a burstaredroppedwhen
contentionshappen,differentiationonpacket losscanbeachieved[22].

7.2 IP/WDM Multicast and TCP over OBS

Many of today's andemerging Internetapplicationscanbe moreef�ciently supportedusingmulticast. A straightfor-
wardway to do multicastingin anOBSnetwork is SeparateMulticast in which multicasttraf�c andunicasttraf�c are
assembledseparatelyinto differentbursts.To reducetheoverheaddueto guardbandsandcontrolpacketassociatedwith
eachburst,a schemecalledTree-SharedMulticastingwasproposed[27], wherebymulticasttraf�c belongingto differ-
entmulticastsessionscanbeassembledtogetherin a burst,which is thendeliveredvia a sharedmulticasttree.Various
criteria for determiningwhethertwo multicastsessionsshouldsharea treeandvariousalgorithmsfor constructingthe
sharedmulticasttreeswerepresentedin [27]. Sinceit is possiblethatsomedatain a burst is deliveredto non-intended
destinationsvia a sharedmulticasttree,thebene�t of multicastsharingstrategy dependson thedegreeof overlapping
amongthemulticastsessionsthatsharethemulticasttree.

OBS networks alsohave uniquecharacteristicsthat affect TCP throughputperformance.SinceTCP is the most

10



widely usedprotocolfor datatransmissions,understandingTCPperformancein anOBSnetwork, whichmaybecomea
futureInternetbackboneandsupporta largeamountof TCPtraf�c, is thusof muchinterest.Severalrecentstudieshave
investigatedthe interactionsbetweenOBS andTCP congestioncontrol mechanisms.For example,the study in [28]
foundthat theburstassemblyprocessintroducesa delaypenaltyin TCPthroughputbecauseit increasestheroundtrip
time,whichin turndecreasesTCPthroughput.Ontheotherhand,theenlargedtransmissionunit from apacket to aburst
canincreasetheamountof datasentbetweentwo losses,resultingin theso-called“correlationgain”. Morespeci�cally,
aTCPsourcewith arelative low accessbandwidthin thelocal IP accessnetwork andasmallburstassemblytimeat the
edgecanhave only oneTCPsegmentin eachburst,andthusthereis no correlationgain. But sincethedelaypenaltyis
alsoinsigni�cant in thiscase,thethroughputis similar to thatwithoutburstassembly. For aTCPsourcewith arelatively
high accessbandwidthanda largeburstassemblytime,all TCPsegmentsfrom onesendingwindow canbeassembled
into oneburst,andhence,thecorrelationgain is maximizedbut thedelaypenaltyis alsolarge. In our recentstudies,
wehave foundthatfor aTCPsourcewhichhasamediumaccessbandwidth(betweenlow andhigh relative to theburst
assemblytime),usinganadaptiveassemblyalgorithmyieldsthebestthroughputbecauseit canadjusttheassemblytime
to matchtheTCPcongestioncontrolmechanisms.

7.3 LOBS

The generalityof the evolving G-MPLS framework makes it a versatileframework for variousunderlyingswitching
paradigms.For example,whenG-MPLSis appliedto OCSin theformsof MP� S,a wavelengthis treatedasthelabel.
But sucha � - LabelledSwitchPath(LSP),which correspondsto a lightpath,cannotbeaggregatedat the intermediate
nodedue to the lack of wavelengthmerging technology. In order to groomor aggregate traf�c carriedon different
lightpaths,eachlightpathneedsto go throughO/E/Oconversion.

As a naturalextensionof the G-MPLS in OBS networks, LabelledOBS(LOBS)wasproposedin [29]. LOBS is
built uponOBSby letting eachcontrolpacket carryadditionallabel information. Oneof themajorbene�ts of LOBS
is to facilitatethe seamlessintegrationof IP andWDM by usingIP-basedprotocolsfor control while switchingdata
all-optically. And unlike MP� S, theassociationbetweena labelanda wavelengthin LOBS is not on thetime scaleof
a connectionbut thatof eachburst,thusmakingsub-wavelengthgranularityandstatisticalmultiplexing possible.Even
withoutwavelengthconversioncapability, burstsbelongingto thesameLSP(calledLOBSpath)canbesentondifferent
outputwavelengthsat the ingressnode(with a tunabletransmitter).More important,theburstsbelongingto different
LSPscaninterleave on the samewavelength,that is, burstsarriving on differentLSPs(on the samewavelength)can
now bemergedinto anaggregatedLSP.

8 Concluding Remarks

In this tutorial, we have �rst given an introductionto optical burst switching (OBS). Comparisonbetweenthis new
switchingparadigmwith otherexisting optical switchingparadigmshasbeenmade,andit hasbeenshown that OBS
is not only a cost-effective but alsoa viablesolutionfor thenext generationoptical Internet.We have provideda brief
historicalreview of theearlywork on burstswitchingaswell asthestateof theart includingtheprevailing reservation
protocolfor OBSnetworks,calledJust-Enough-Time (JET)anddescribedits majorfeaturesandbene�ts.

This tutorial hasalsoattemptedto provide a comprehensive coverageof researchissuesrelatedto OBS. Among
theissuescoveredarevariousburstassemblyalgorithmsusedat theedgeof anOBSnetwork aswell astheir effect on
traf�c characteristicsof theassembledburst traf�c andin turn theTCPperformance.We have alsopresentedvarious
schedulingalgorithmsaswell asburst contentionresolutionstrategiesusedin the OBS core. It hasbeenpointedout
thatbandwidth-ef�cient schedulingalgorithmslike Min-SV canhave a fastimplementation,andthatburst losscanbe
reducedusingpro-active burst contentionresolutionalgorithmsrunningat the edge(in additionto the core). Finally,
recentwork onQoSsupport,IP/WDM multicastandG-MPLSextensionhave beendiscussed.

In additionto thechallengesin implementingfastandscalableswitchingfabrics,andrelateddevicessuchasFDLs
andall-optical wavelengthconverters,therearemany openissuesin OBS architectureresearch.Chief amongthem
areLOBS pathprovisioning,protection/restorationschemesaswell asdifferentiationschemesto combatburst losses
due to the inevitable burst contentionin a bufferlessOBS network. Othersincludeef�cient supportof a mixed set
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of periodicalconnections(to emulateSONET)andnon-periodicalburst transmissions,accuratesingle-nodeaswell as
end-to-endperformanceanalysisin OBS networks, quantitative costandperformancecomparisonbetweenOBS and
otherswitchingparadigms,andthedesignandevaluationof variousTCPimplementationsover OBS.

OBS hasreceived a lot of attentionduring the pastfew yearsandis fastbecomingan importantareaof research.
This tutorialwill hopefullybecomeausefulresourcefor researchersworkingonOBSor thosenew to this topic.
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