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Abstract In this paper, we give an overview and classification
of optical burst switching schemesand presentburst resewvation
concepts.The performanceof various basicresewation mecha-
nisms proposedin literatur e is compared. Furthermor e, a new
analysisis intr oducedthat allowsto calculatethe lossprobabil-
ities of a two-classsystembasedon the resewation mechanism
just-enough-time (JET) for arbitrary offsets.Finally, a variety
of new resultsis presentedincluding the dependenceof burst
lossprobabilities on offset, burst length distrib ution, and inter-
arri val distrib ution.
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1. Intr oduction

At the beginning of the new millenium severaltrendscan
beobsenedin thefield of communicatiometworks.First,
bandwidthrequiremenin networks seemso grow with-
outlimits. Internetprotocol(IP) baseddatanetworksplay
a centralrole. This is not only dueto the fact that data
traffic hassurpassedoice traffic but even more due to
the exponentialgrowth rateof IP traffic volumes.Second,
more and more usersand applicationsrequestquality of
service(QoS) mechanismgrom today’s communication
networks. Third, optical technologycontinuesto provide
an exponentialgrowth in fiber transmissiorcapacitiesat
higherratethanlIP traffic growth.

In this paperwewill elaborat@ntheserendsandshav
how they motivateoptical burst switching (OBS)asanew
switchingparadigmfor futuretransporinetworks. There-
maining sectionsof this paperwill describeandevaluate
OBSmechanism#n detail.

1.1 Photonic network evolution

In the late 70s, the first fiber basedoptical transmission
systemswere installed. Today mostwide areatraffic in
communicatiometworksis carriedvia fibers.Until afew
yearsago, mostsystemauseda single high-speedptical
channelndall multiplexing wasdonein theelectricaldo-
main.In 1995,anaew technologyenteredhemarketin the
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USA: wavelengthdivision multiplexing (WDM) [1]. This
optical multiplexing techniqueallows better exploration
of fiber capacityby simultaneouslytransmitting multi-
ple high-speedchannelson differentfrequencieqwave-
lengths)[2, 3, 4].

Fig. 1 shows a possibleevolution scenaridor photonic
networksbasedon WDM. It spansfrom today’s point-to-
point transportlinks over add/dropmultiplexers (ADM)
andcross-connectéCC) for ring andmeshnetworks, re-
spectvely, to networkswith higherreconfiguratiorspeeds
[5]. In the long term, optical paclet switching seemsto
be a promisingtechnologybut dueto its compleity it is
expectedo remaina researchopic for somemoreyears.

Recently OBS was proposedas a new switching
paradigmfor optical networks requiring less complex
technologythan packet switching. OBSis basedon con-
cepts developed several years ago for electronic burst
switching networks. At that time, burst switching essen-
tially wasanextensionof fastpacket switchingwith vari-
ableandarbitrarylengthpacletsemploying decentralized
shareduffer switcheg6, 7]. OBShassomemorespecific
featuresandwill bedescribedn detailin Section2.

Another hot topic is extending multi protocol label
switching (MPLS) conceptq8] to optical transportnet-
works (so-calledMPAS) [9, 10]. For MPAS, the coreidea
is to usewavelengthchannelsaslabelsandto establishap-
propriaterouting pathsin the network. Suchpathsallow
fastswitching of datawithout requiringcomplex routing
processealongthe path.Labelswitchingconceptsanbe
easilyintegratedwith burstswitchingconceptg§11].

Label switching as well as burst switching concepts
sene a more efficient integration of IP and WDM than
allowed by today’s multi protocol stacks.Both concepts
canbecombinedo acomprehensieandefficient“IP over
WDM” framework [12, 11].

1.2 IP network evolution

The Internetis a paclet orientednetwork basedon IP, a
connectionlesaetworkingprotocol. Thelnternethasbeen
designedo offer besteffort servicesandfor along time
this wassufiicient. But recentyearshave seenanincreas-
ing demandor QoSmechanismsainly dueto new appli-
cationsanincreasinghumberof usersandtraffic volume,
andgrowing commerciainterestin network services.

On the one hand,this leadto the developmentof new
network technologieslike asynchronoudransfer mode
(ATM) which allow a broadspectrumof serviceguaran-
tees.On the other hand, thereis significanteffort to in-
clude QoS mechanismsnto the Internet. Thesemecha-
nismscanbeclassifiedasproviding eitherabsoluteor rel-
ative guaranteegepresentetly IntServ[13] andDiffServ
[14] approacheggespectiely.



2 Dolzer, Gaugey Spath, Bodamer:Evaluationof Reseration Mechanismgor Optical Burst Switching

AEU Int. J.Electron.Commun.
55(2001)No. 1, 1-1

Optical Network
Functionality

(Optical Packet Switching

(Optical Burst Switching

(_ Meshed Networks
(_ Ring Networks

(Point-to-Point WDM Links

I I o

1995 2000

Fig. 1. Evolution of photonictransporinetworks

It is a key featureof the Internetthat it can be run
basicallyon top of ary transporttechnology This inde-
pendencef the physicallayer stronglycontributedto the
wide spreadiseof InternettechnologiesiNowadays|nter-
nettraffic is the dominantpartin mary networks. There-
fore, moreandmorenetworksaredesignedn an*“IP cen-
tric” way. Thisincludesatransporiayeroffering mostef-
ficient supportfor IP traffic. OBSis oneproposalof how
to realisesucha transpormnetwork.

1.3 A short comparisonof switching paradigms

The basicswitching conceptsare circuit switching (CS)
andpacletswitching(PS).For applicationin opticaltrans-
port networks, their prosandconscanbecharacterizeds
follows.

Circuit switching(of wavelengthchannels)s relatively
simpleto realisebut requiresa certainamountof time for
channekstablishmerandreleaséndependenof thecon-
nectionholding time. This overheadmainly determined
by the end-to-endsignallingtime, leadsto poor channel
usagef connectiorholdingtimesarevery short.For long
holdingtimes,CSis very efficientfrom a signallingover-
headpoint of view. However, thatcaseleadsto areduced
ability to adaptto traffic dynamics.Thisis especiallytrue
if IP traffic with its bursty behaviour is carriedover such
circuit switchedwavelengthnetworks.

PSin the optical domainallows a good adaptationto
thedynamicsof ary higherlayer However, therearesev-
eral otherdravbacks.Thefirst is concernedvith realisa-
tion aspectslf the realisationis basedon opto/electrical
corversion,it canbe donewith technologyavailable to-
day. But this approachsuffers from the fact that the de-
velopmentof electronicscannotkeeppacewith the rapid
growth of optical transmissiorspeed.This could be im-
provedby all-optical PStechnologyincludingsignalpro-
cessing).Suchall-optical approachesvill be difficult to
realisein the foreseeablduture e.g. dueto their highly
complex technologyandlack of optical buffers.

Anotherbasicrestrictionstemsfrom thefactthatpack-
etshaveto beof limited sizedueto severalreasongbuffer-
ing requirementin eachnode,increasingdelayif store-
and-forward is used).Moreover, eachswitching process
needsa finite non-zerotime. This leadsto reducedeffi-
cieng for large datablockswhich have to be transmitted
usingmultiple paclets.

As a new paradigm,OBS tries to combinethe advan-
tagesof both, CS and PSwhile avoiding the main draw-
backsdescribedabove.

1.4 Main achievementsof this paper

In this paper we first describethe principle andbasicde-
signparametersf OBS. Section3 elaborate®n a central
mechanisnmof OBS, namelyresourceresenation. It con-
tainsfor thefirst time a qualitatve and quantitatve com-
parisonof variousbasicmechanismslescribedn litera-
turesofar. Section4 containsanew analysisto determine
lossesin an OBS systemsupportingtwo serviceclasses.
In Section5 we presentseveral resultsincluding a com-
parisonof analysisandsimulation,andaninvestigatiorof
theinfluenceof several systemparametersn the perfor
manceof high andlow priority classesAlso, we evaluate
theimpactof low priority traffic characteristicen system
performanceFinally, Section6 summarize®urwork and
presentsomeopenquestions.

2. Optical Burst Switching (OBS)

2.1 Definition and motivation

As mentionedabove, OBSis in someway a combination
of optical PS and CS. Although thereis no uniquedef-
inition of OBS in literature, it is widely agreedthat the
following list describests maincharacteristics.

e OBSgranularityis betweenCSandPS.

e Thereis a separationbetweencontrol information
(headerjanddata.Headeranddataareusuallycarried
on differentchannelswith a strongseparatiorin time
(seeexampleOBSnetwork link in Fig. 2).

e Resourceareallocatedwithout explicit two-way end-
to-endsignalling, insteadso-calledone-passesena-
tionis applied.

e Burstsmayhave variablelengths.

e Burstswitchingdoesnotrequirebuffering.

Notethatnot all of thesefeaturesmustbe satisfiedand
“smooth” transitionsto PSandto (fast) CS arepossible.
Althoughthe conceptof burstswitchinghasbeenalready
known sincethe 1980s,it hasnever beena big success
in electricalnetworks. The main reasonis that its com-
plexity and realisationrequirementsare comparableto
thatof moreflexible electronicPStechniquege.g.ATM).
However, with theintroductionof very high speecdoptical
transmissiorntechniqueshis haschangedNow, thereis an
evenincreasingliscrepang betweerppticaltransmission
speedandelectronicswitching capability Moreover, due
to costandcompleity aspectsit is advantageouso keep
datain the optical domainand to avoid opto/electronic
corversion.On the other hand, all-optical PSis still too
comple to performall processingn the opticaldomain.

ThereforeahybridapproacHik e burstswitchingseems
very promising:it keepsdatain the optical domain but
separatesontrol informationwhich allows sophisticated
electronicprocessingof this control data.Fig. 2 shavs
some of the main characteristicoof an OBS network.
There are two typesof nodes.In edgenodes,traffic is
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Fig. 2. Nodeandnetwork architecturdor optical burstswitching

collectedfrom accessietworks andassembledhto larger
dataunits, so-calledbursts. Core nodessene as transit
nodesin the core network. Their main taskis switching
burstswithout extensize processingTo achieve this,some
controlinformationcontainingresenationrequestss nec-
essaryaheadf every burst's transmissioriime.

Thereareseveral possibilitieshow to performresena-
tion of datachannelbandwidth.Our paperconcentrates
on the evaluation of what we call SCDT schemegsep-
arate contmol, delayedtransmissioh Theseresenation
conceptsare basedon a strongseparatiorof control in-
formationanddata.A resenationrequesis sentin a sep-
aratecontrol paclet on a differentchannelwhile the ac-
tual transmissiorof the databurstis delayedby a certain
basicoffset (seeFig. 2). This basicoffsetenableghe in-
termediatenodesto processcontrol information and set
up the switchingmatrix. In contrastto systemswith im-
mediatetransmissiof, which sendcontrolinformationto-
gethemwith theburst,thenetwork candowithoutbuffering
thedataburstin eachnodealongthe path.

SCDTschemesiseone-passesenation,i.e.thesender
of a burst doesnot wait for an acknavledgementof its
resenation request.This approachis in contrastto two-
passresenation as typically applied during connection
setupin circuit switchedoptical networks. The advantage
of aone-passesenationis higherefficiency asthereis no
overheadcausedby propagatiordelay An examplemay
illustratethis. Thetransmissiorime of a100 KB burston
a 10 Gbhpslink is 80 us while the propagatiordelayover
a distanceof 200 km (which is not long in a backbone
network) is typically aboutl ms.

2.2 OBSdesignparametersfor SCDT schemes

Thefollowing list describeshe mostimportantdesignpa-
rameterdor OBSandincludesexamplesfrom literature.

! Non-SCDTschemesvith dataimmediatelyattachedo control
information could be imagined,but are very similar to eitherfast
pacletor fastcircuit switching.

Buffers for data bursts at intermediatenodes.Many
proposalsavoid buffersor useonly simpledelaylines
to keepthesystensignificantlylesscomplex thanaPS
system15, 16, 17], otherwork includessophisticated
buffering conceptg18].

Resouce reservation medanism. Key system re-
sourceswhich have to be resened are channelsand
possiblybuffers. Thereareseveral proposaldn litera-
turewhich areclassifiedandcomparedn Section3.

QoSsupport.First proposaldor OBSonly considered
oneclassof bursts[16, 17]. Dueto theincreasingm-
portanceof QoS support,recentproposalsextended
the OBS concepto multiple serviceclasse$18, 19].

Protocol aspects. Designing a protocol for OBS

strongly dependson the resenation mechanismand

QoSsupporto berealisedout still offersmary degrees
of freedom.Evenfor the one-passesenationscheme
we focuson, “one-way” [15] or “two-way” [17] pro-

tocolsarepossible.n the latter case blocking events
or successfuthannelresenationsare reportedback.

Note that even with two-way protocolsin an SCDT

schemebursttransmissiorstartsbeforeary confirma-
tion messagés recevedattheinitiating node.

Nodearchitecture and technology. Dependingon the
designchoicesfor the parameterdisted above, there
are mary realisationpossibilitiesfor a burst switch-
ing node.Basichuilding blocksarel/O interfacescon-
trol informationprocessinginits suchasa resenation
managerand switching systemsfor control and user
datapossiblyincludingbuffers (seeFig. 2). [16] gives
avery detaileddescriptionof an examplenodearchi-
tecture[18] describewvariousdelayline concepts.

WDM technolagy. All OBS proposalausingWDM as
transmissiortechnologyrequirefull wavelengthcon-
versionin a core node such that eachburst can be
switchedto ary of the output channels.Therefore,
thereis a trade-of betweenperformancebenefitsdue
to higher numberof wavelengthchannelsand higher
costdueto morewavelengthcorverters[5, 20].
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3. Comparison of resewation concepts

3.1 Resewation mechanisms

Recently several SCDTFbhasedresenation mechanisms
have beenproposedThey canbe distinguishedasedon
their way of indicating the end of a burst and the time
whenallocationof aWDM channektarts.

A rathersimpleapproactis to indicatetheendof aburst
by an additionaltrailing control packef or usingan in-
bandterminator(IBT). In both caseghereis no informa-
tion aboutburst lengthwhenthe headingcontrol paclet
containingthe resenation requestarrives. A mechanism
that follows that principle is just-in-time (JIT) resera-
tion [17]. Uponarrival of theresenationrequesta wave-
lengthchannelis immediatelyallocatedif available.Oth-
erwise,therequesis rejectedandthe correspondinglata
burstis discardedThe wavelengthremainsallocatedun-
til burst transmissiorhasfinished. The only information
thathasto be keptrecordof in network nodesis whether
awavelengthis currentlyavailableor not. This makesJIT
alight weightapproachwith low complexity in bothedge
andcorenodes.The drawbackof JIT is, however, its re-
ducedefficiency aslossesalsooccurin caseswvithoutary
transmissiorconflict betweerdifferentburstsonthesame
wavelength(casel in Fig. 3).

An improvementto schemedike JIT canbe achieved
by usingRLD (reserve-a-limited-dwation). Mechanisms
basedon RLD requirethesendeto signaltheburstlength
in the control paclket. A wavelengthis only allocatedfor
a limited durationso that subsequenburst transmission
requestswith a starttime greaterthanthe finishing time
of an allocatedburst may be acceptedcasel in Fig. 3).
That meanshe offsetinterval of a burstmay overlapthe
transmissiorphaseof a previously acceptedourst. In an
IBT approacha new burstis lost becausehe end of the
previous (acceptedpurstis unknavn at the instantwhen
the control paclet arrives.In contrast,the endis known
with RLD andhencethe new burst canbe acceptedsee
scenariadepictedn casel in Fig. 3).

The Horizonmechanisnproposedy Turnerin [16] is
an RLD-basedmechanismWavelengthchannelstatein-
formationis enhancedy the so-calledresenation hori-
zon,i.e. thetime until which the wavelengthis allocated.
Whena new requestarrivesHorizon looks for the wave-
length with the largestresenation horizon lessthan the
starttime of the new burst. Like in JIT, resenation starts
immediatelyupon arrival of the control paclet andlasts
until the expectedendof bursttransmissionwhich is the
new resenationhorizonof this wavelength.

If boththe startandfinishingtimesof acceptedursts
are consideredduring reseration an even higher effi-
ciengy may be achieved,becausea new burstcanresene
in a free gapif it fits in. This approachis called RFD
(reserve-a-fixed-dation) asthe channelis allocatedfor
a fixed durationcorrespondingo the burst transmission
time. One proposalof an RFD-basednechanisnis just-
enough-timgJET) developedby Qiao andYoo [11, 15].
Stateinformationin JET comprisesoth, the startingand
finishing times of all acceptedoursts, which makes the

2 QiaoandYoo denotethis asTAG (tell-and-go)[11, 21]

case 1l  accepted burst

A

offset | burst length | time

| |
arrival of control packet

case 2 “accepted burst 1

f offset

accepted burst 2

| burst length | time

arrival of control packet

Fig. 3. Reserationscenarios

systemrathercomplec. On the otherhandandin contrast
to Horizon,JETis ableto detectsituationsvherenotrans-
missionconflict occursalthoughthe starttime of a new

burstis earlierthanthe finishing time of the alreadyac-
ceptedburst2 (case? in Fig. 3), i.e. a burstcanbe trans-
mitted in betweentwo alreadyresened bursts. Hence,
burstscan be acceptedwith a higher probability thanin

Horizonespeciallyfor large offsettime variations.

Qiao and Yoo take advantageof that propertyand ex-
tendthis mechanisnin orderto supportdifferentservice
classeg$19]. In this casetheoffsetof adataburstconsists
of abasecomponentbasicoffse) representinghe sumof
processindimesfor the control packet andan extra com-
ponent(QoSoffse) specificto a serviceclass.As bursts
with largeroffsetsexperiencdower blockinglargeroffset
valuesareassignedo high priority classesWe will come
backto this extensionlaterin this paper

3.2 Performanceanalysis

The performancef the differentresenation mechanisms
presenteéh theprevioussectioncanbeexpressedn terms
of the burstlossprobability. If we restrictevaluationto a
singlenodecasewith fixed offsetsé for all burststheloss
probability may be obtainedanalytically In the caseof
JETthisalsomeanghatonly asingleserviceclassis con-
sideredUnderthe assumptiorthatcontrolpaclkets(andin
consequencdatabursts)arrive in a Poissonstreamwith
rate A we canuseErlang’s well-known B formulafor the
lossprobability of anM/G/n losssystem:

B(A,n) = % 1)

In thisformulan representthenumberof senersin aloss
systemwhichin this context correspondso thenumberof
wavelengthonalink. Theofferedload A relevantfor loss
computationdependson the resenation mechanismFor
HorizonandJET the offeredloadis simply the productof
arrival rateandmeantransmissiortime h of a databurst.
Sothelossprobability of a burstis givenby

PLoss,Horizon = PLoss,JET = B()‘han) (2)

NotethatHorizonandJEThavethesameperformancein-
derthegivenassumptionasthesecondcenaricshavnin
Fig. 3 doesnotoccurin thesinglenodecasewith constant
0. For JIT, the systembehaeslike alosssystemwith in-
creasedfferedload,resultingin thelossprobability:
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Fig. 4. Dependencef the burstlossprobability on the offset

Pross, it = B(A(h +6),n). 3)

The reasonfor this is thateachrequestblocksa channel
for an interval which length is the sum of basic offset
and burst transmissiortime. The increasedoad leadsto

a higherlossprobability of JIT comparedo Horizonand
JET especiallyfor large § asdemonstratetby thelinesin

Fig. 4. Thereinaswell asin severalfollowing graphswe
depictthe burstloss probabilitiesagainsthe meanoffset
normalizedby the meanbursttransmissiortime, i.e.d/h,

in orderto easanterpretation.

In a network scenariothe offset valuesoccurringin a
nodewill notbe constantThereforewe alsoinvestigated
theinfluenceof randomlyvaryingé by simulationsasour
analysisdoesnot cover varying offsets(Fig. 4). All vari-
ableoffsetresultsare obtainedfor negative-exponentially
distributed 6 and burst length. For JIT this has no ef-
fect, i.e. thelossprobability canstill be determinedusing
eg.(3). In thecaseof JETandHorizon,however, wefound
by simulationthat this variation leadsto higher losses.
While this effect is minor for JET, loss probability sig-
nificantly increasesor alargermeanoffsetwhenHorizon
is applied.Theconclusionis thatthe highercomplexity of
JETascomparedo Horizonresultsin betterperformance
for varyingoffsets.

4. Analysisfor atwo-classOBS node

In this sectionwe presentinanalysisof thelossprobabil-
ities in a JET OBS nodethatdistinguishedwo classes—a
high priority classdenotedby index H anda low priority
classdenotedby index L. Accordingto the debaten the
Internetcommunityto only supporttwo classes—stream
andelastic—ando recentresultsindicatingthatthis QoS
supportmightbe sufficient[22], we restrictour evaluation
totwo classesUnlikethesingleclasscasewhereall bursts
have the samefixed basicoffsetto compensatswitching
times we follow—as mentionedin Section3.2—Qiaos
and Yoo's suggestior{19] to introducean additionaloff-
set, called QoS offset that provides serviceclassdiffer-

entiation.For our analysiswe assumehe basicoffsetto
be muchshorterthanthe QoS offsetandthus be negligi-
ble. Furthermorewe choosethe low priority QoS offset
01, = 0 in orderto achiere a small QoSoffsetof the high
priority classandconsequentha smalloverall delay

The overall burst loss probability Prqss,0 in a multi-
classOBS nodecan be obtainedfrom Erlang’s loss for-
mulaeg. (1) in caseof Poissonarrivals for an overall of-
feredload Ao andbundlesizen as

PLoss,O = B(A07n)- 4)
In orderto calculatethe burstlossprobability of the high
priority classPr.qss,1, NOtonly theofferedload Ay of the
high priority classhasto be consideredut alsoa fraction
of the carriedtraffic of the low priority class.This traf-
fic Y1.(0u) representdurstswhich startedprior to the ar-
rival of the high priority control packetandarestill being
senedwhenthehigh priority burststarts,i.e. éy afterthe
high priority controlpacletarrived. This additionaltraffic
stemsfrom the factthatin this system high priority traf-
fic is not totally isolatedfrom low priority traffic. Thus,
Pross,1 IS approximatedy

PLoss,H = B(AH + YL((SH),TL) (5)

Theburstlossprobabilityof thelow priority classPr oss,1.
canbeobtainedaccordingo theconserationlaw?® solving

(6)

with the offeredload A;, of thelow priority class.For the
carriedtraffic Yz, (du) we have

V1, (0u) = A (1 — Prosst) (1 — FL(0n))  (7)

where Ay, (1 — Pross,1) is the carriedtraffic of the low

priority classat the time when the high priority control
pacletarrives.(1 — Ff (én)) is thecomplementarglistri-

bution functionof theforwardrecurrenceime of theburst
transmissiortime at time ég. It describeghe probability
thatalow priority burstthathasalreadystartedtransmis-
sion prior to somerandomobsenation time 7 (the time
whenthe control paclet of the high priority burstarrived)
and has not finished transmissionwithin the period [,

T + éul. Eq. (7) is an approximationbecausen reality,

longerburstsarediscardedwith a higher probability, see
alsoSection5.2.

Furthermoreit canbeconcludedhat Pr.s 1 is depen-
denton the burst length distribution of the low priority
classwhereast is independenbf the burstlengthdistri-
bution of its own class.Section5.2 will elaborateon the
impactof low priority burstlengthcharacteristicen high
priority burstlossprobability.

According to eq. (5), (6), and (7), thereis a mutual
dependeng betweenPr s i and Pross.1,. Thereforewe
suggestniterative solutionfor above formulee.

We initialize the iteration with estimatedfor the loss
probabilitiesof the high andlow priority ClassesPL%SgH

AO PLoss,O = AH PLoss,H + AL PLoss,L

3 If the conseration law holds, the overall loss probability is
not dependent.g. on the numberof classesln [19] it hasbeen
shavn by simulationthat the conseration law is satisfiedfor an
OBSsystemasconsideredhere.
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andPﬁOO)SS’L, respectiely. Thesezeroorderestimatesare
givenin eq.(8) andcanbederivedfrom eq.(4)—(6)by de-
couplingthehigh priority classfrom thelow priority class
whichis equivalentto neglecting Yz, (0m):

PO = B(Am,n) (8a)
PS?SS,L = l/AL (AOPLOSS,O - AHPI(_g))ss,H) (8b)

Theseformulseare also publishedby Qiao andYoo [19]
andyield lowerboundarie$or ouranalysidf the QoSoff-
setis very large (Fig. 5, seebelow).

Thedistribution functionof theforwardrecurrenceime
of thebursttransmissioriime is givenby

t

Fi(t) = l/hL/ (1 — F.(u)) du (9)

u=0

wherehy, and F1,(u) representhe meanandthe distribu-

tion functionof the bursttransmissiorime, respectiely.
Finally, the amountof carriedlow priority traffic is de-

terminedby eq.(7) usingeq.(8) and(9) as

YO (0m) = AL (1 - PO, ) (1~ F{(dm))  (10)

andcanbeinsertedin eq.(5) yielding a first orderresult
for thelossprobability of the high priority cIass,P(Llo)SS’H.
Thefirst orderresuItP(Llo)ss,L is obtainedrom the conser

vationlaw, eq.(6), andPSO)SS,H. Iterationuntil somepre-
cisioncriterionis satisfiedeadsto Pr,oss, 11 aNd Pross,1.-

5. Resultsfor atwo-classOBS node

In the following, we usea high priority traffic shareof

30 % of total load,a meanburstlengthof 12.5 KB anda

bundleof either4 or 64 wavelengthoperatingat2.5 Gbps
each(meanburst transmissiortime 40 us). Load stands
for totalloadperwavelengthcomprisinghigh andlow pri-

ority traffic. Unlessstateddifferently, interarrval time and
burstlengtharenegative-exponentiallydistributed.

Fig. 6. Burstlossprobability for 64 wavelengthsandload0.7

5.1 Impact of QoSoffset

Assuminga giventraffic scenariogy is the only parame-
terthatinfluencegheserviceexperiencedy bothclasses.
As our analysisis valid for arbitrarynon-zerooffsets,the
point of sufficient serviceisolation can be preciselyob-
tained.

Fig. 5 shows Pres,u asa function of the ratio of on
andmeanbursttransmissiotiime. It canbeseerthatanal-
ysisandsimulationmatchverywell. Theanalysisslightly
overestimateBy,qss,u for smallerdy becausét assumes
lossprobability independenbf actualburstlengthwithin
eachclasswhichis notexactly true—asdescribedn more
detail belonv. The horizontal lines in Fig. 5 are lower
boundariesn casethe influenceof the low priority class
is neglected.This casecorresponds$o the startof our pro-
posedterationeq.(8) andthe solutionproposedn [19].

In Fig. 6, Pross,H, PrLoss,. as well as the ratio
Pross,i/ Pross,1. are depictedfor 64 wavelengthsand a
loadof 0.7. In ascenaridike this, Press,1. IS ratherinde-
pendentof the QoS offset. In contrast,Press,u andthus
Pr.oss,1/ Pross,1. decreasevermary ordersof magnitude
for increasingdy beforethey approacttheirlower bound-
aries.Thistypeof graphcanbeusedto find thebalancee-
tweenperfectisolationof thehigh priority classbutlonger
deterministicdelayandvery shortdelaybut higherlosses
(whichmightstill becomfortablewithin atargetburstloss
probabilityrange) For example,if 10710 is thetargetloss
probability of the high priority class,a QoS offsetof one
meanburst transmissiortime is sufficient. Furthermore,
comparisorof Fig. 5 andFig. 6 demonstratethe positive
impactof alargenumberof wavelengthson lossprobabil-
ities.

Another effect arising with offset basedresenation
mechanismsnay make smaller QoS offsets even more
preferableFig. 7 depictsthe burstloss probability of the
low priority classconditionedon the actualburst length
(conditiona). For comparisonyve alsoshow the burstloss
probability of all low priority bursts (clasg. It demon-
stratesfor a systemwith different offsets that the loss
probability of a low priority burst dependson the actual
lengthof the burst. This behaviour is inherentto a system
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Fig. 7. Low priority lossesagainsturstlengthfor n = 4

in which low priority burststendto occupy wavelengths
in betweenalreadyresenred high priority bursts(seealso
Fig. 3 case?). Thus,theprobabilityto find agapof appro-
priatelengthis higherfor burststhatare shorterthandy.

It canbe seenthat the conditionallow priority burstloss
probability increasesuntil the respectie burst transmis-
siontimeis aslongasdy andstaysconstanfrom thereon.

Thelongertheoffsettime,i.e.thegreateitheisolation,the
largeris thedifferencebetweertheburstlossprobabilities
of ashortburstandavery long burst.For thescenariof a
QoSoffsetof five timesthe meanbursttransmissiorime,

Pros5,1, morethandoublesfor long bursts.A solutionto

this problemcouldbeto boundburstlengthswithin ashort
interval. However, this hasthe disadwantagethat several
shortburstsproducemuchmoreoverheadoncerningon-
nectionmanagementyhich is especiallyundesirableor

thelow priority class.

The classlossprobabilitiesdepictedin Fig. 7 areused
asvaluesof P, 1. fOr ouranalysisn Sectiord. Thefact
thatthe analysisoverestimateshe lossprobability canbe
explainedby the offeredload, which is lower in simula-
tionsaslong burstsarediscardedvith higherprobability.

5.2 Impact of traffic characteristics

An importantfeatureof a systemhatdistinguishegliffer-
ent classeds the isolation betweenthem. Fig. 8 depicts
PLOSS,H! PLoss,L and the ratio PLoss,H/PLoss,L agamSt

the load, which is equally increasedfor both classes.

Here, like in Fig. 6, we used64 wavelengths.The off-
setdy wassetequalto the meanbursttransmissiontime,
which yielded Pross 1 =~ 10710 at a total load of 0.7
accordingto our example relatedto Fig. 6. Although
Pross,u/ PLoss,L. increasesteadilywith increasindoad,a
goodgradeof isolationis maintainedevenfor highloads.
The distribution of the burstlengthis notan OBS sys-
tem parameterbut can be influencedby the stratgy of
aggrejatingIP pacletsinto bursts.As discussedn Sec-
tion 4, Prqss,1 IS influencedonly by the burstlengthdis-
tribution of the low priority classbut not by that of its
own class.Therefore we staywith a negative-exponential

Fig. 8. Burstlossprobabilityagainstoad (du/hL = 1, n = 64)
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Fig. 9. Impactof burstlengthdistributions(du/hr = 3,n = 4)

distribution for the high priority burstlength.In orderto
only changethe coeficient of variation ¢y of the burst
length distribution of the low priority classand keepits
mearnvalueunchangedye choseeitherashiftednegative-
exponentiallcr < 1) or asecondrderhyperexponentiat
(er > 1) distribution. For thesedistributions,Fig. 9 shovs
the expectedresultthat Py s, 1 increasesgor growing cr
of the low priority class.Surprisingly in caseof Pareto
distributed low priority burstlengthwith the samemean
value, Pr,oss, 1 Staysnearlyunafected,evenfor largecr.
Finally, the influenceof the distribution of the inter
arrival time of the low priority classon Pr,ess,n Wasin-
vestigatedLeft out dueto spacerestrictions,our results
shav that Prs,u iS hardly affected. Therefore,our as-
sumptionof negative-exponentiallydistributedinterarrival
timesyieldsreasonableesults[23].

4 The hyperexponentia distribution satisfiesthe symmetrycon-
dition ph1 = (1 — p)ha wherep is the branchprobabilityand
andh, arethemeanvaluesof therespectve phases.
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6. Conclusionsand outlook

Basedon a discussiorof variousswitchingparadigmsas
well asnetwork evolution scenarioswe couldshow in this
paperthat OBS promisesmary benefitsfor future QoS
supportinchighspeedranspornetworks. Then,wegavea
detailedoverview of characteristicanddesignparameters
of OBS. A classificationof differentresenation mecha-
nismsproposedn literatureaswell asaperformanceom-
parisonfor asingleOBSnodewaspresented.

In single-clasOBS, we found that JET and Horizon
performequallywell andmuchbetterthanJIT for constant
offsets.Varyingoffsetshave only minorimpacton JETbut
significantlydegradethe performancef Horizon.

For themulti-classcapableesenationmechanisndET,
anew analysiswasintroducedwhich allowsto exactly de-
terminethepointof sufficientisolationbetweerclassegor
arbitraryQoSoffsets.Basedonthis analysisandextensie
simulations severalresultsrelatedto both,the QoSoffset
andtraffic characteristicayereobtainedFor thetwo-class
casewe provedthatevensmallQoSoffsets,which do not
completelydecouplehigh and low priority traffic while
keepingend-to-enddelayto a minimum, still yield avery
low loss probability of the high priority class.Moreover,
smaller QoS offsetsleadto a more uniform low priority
losscharacteristiover the burstlength.

Futurework couldimprove the presentedvaluationby
alsoconsideringhigherlayer protocolssuchasTCP. An-
otherkey questionss how IP traffic shouldbe bestaggre-
gatedinto bursts.Finally, studiesfor an entire OBS net-
work arenecessarnin orderto assesgheimpactof routing
stratgiesandtraffic managemenin systemperformance.
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