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Abstract

In this paper we calculate analytically the end-to-end
burst loss probabilities over a path in an Optical Burst
Switdhed (OBS)network. To this effect, we considerOBS
nodedinkedby WDM bersin seriessoasto forma single
path. Thetrafc overthis OBSpathis geneatedby N end-
devices.We considenarge bursts,which are assumedo be
long enoughto occupywavelength®n two successivO©BS
bers (links) at the sametime A burstis droppedif all the
wavelength®f a link are busy

This OBSpath is modeledby a queueingnetworkwith
dynamicsimultaneousesouce possession.The burst ar-
rival processfrom ead transmitting OBS end-deice is
modeledby an IDLE-ON trafc souice which is repre-
sentedby a two-stateMarkov processIn addition, Poisson-
distributedlocal traf c is usedin orderto increasethecon-
gestionof ead link in the path. The queueingnetworkis
analyzedapproximatelyby a decompositioralgorithm in
order to calculatethe burst loss probabilities at ead link
of the OBSpath. Theapproximateresultswere veri ed by
simulationfor a varietyof inputparametes andtheapprox-
imationalgorithmwasfoundto havea goodaccumacy.

1. Intr oduction

OBS is a viable solution for the next generationall-
optical networks becauset clearly separatests dataand
control planes. The userdataandthe correspondingon-
trol informationaretransmittecseparatelyn time andspace
throughthe network. The controlinformationis transmit-
ted prior to the userdataandit is electronicallyprocessed
at eachnodealongthe route. The userdataitself travels
transparenthasanopticalsignalfrom thesourceto thedes-
tination. This is advantageoudecausehe OBS nodesjust

switch the optical signalswithout having to know ary spe-
ci ¢ informationaboutthe formator the transmissiorrate
of theuserdata.

In an OBS network, the dataplaneconsistf the upper
layertrafc collectedby the OBS end-deices. Thistrafc
is collected sortedbasedn its destinatioraddresandit is
assemblednto variablesize dataunits, calledbursts For
eachburst,the OBS end-d@icesconstructa control padet,
whichis transmittedan offsettime prior to thetransmission
of theburst. Thecontrolpaclettravelsalongtherouteandit
resenesbandwidthresourcedor its correspondindpurstat
eachOBSnode.Uponreceiptof thecontrolpaclet,anOBS
nodeassignsa free wavelengthon the desiredoutput port
and con guresits switchingfabric to transparentlyswitch
the upcomingburst. After the offsettime, the OBS end-
device transmitgthe burstitself.

Becauseof the predictedhigh datarates,mostOBS ar
chitecturessupporta one-wayreservationschemen order
to decreasehe end-to-endtransmissiondelay In other
words, an end-deice transmitsa burst without a positive
acknavledgmentfrom the destinatiorthat the optical path
hasbeensetup. A burstmay be droppedif it arrivesat an
OBSnode wherethecontrolpacletwasunsuccessfudtre-
servinga wavelengthon its desiredoutputport. Therefore
the calculationof the burstlossprobability is animportant
measuref the performancef an OBS network.

Many performancevaluationstudiesof OBShave been
reportedn theliterature.For example,the JET-basedOBS
protocolby QiaoandYoo [9] hasbeenstudiedby focusing
onasingleoutputport of anOBSnhodeandassumingPois-
sonarrivals andfull wavelengthcorversion(seeDolzer et
al.[3],Yooetal.[16],Vu etal.[12]). A singleoutputport of
an OBS nodeis modeledasan M/G/W loss systemwhere
W is the numberof wavelengthsper ber. The burstloss
probability is calculatedusing the well-known Erlang's B
formula.

OtherOBSstudiesconsiderthe JET protocolin anOBS



nodewith ber delaylines (FDLs). The reasonis thatan
FDL can buffer the optical signalsfor a small amountof
time in caseof contentionat an output port and thus re-
ducethe probability of burstloss. Yoo et al. [16] derveda
lower boundfor the blocking probability by approximating
anOBS outputportwith FDLs asan M/M/W/D, whereW
isthenumberof wavelengthger ber,D = W+W N and
N is thenumberof FDLs. More recently Lu andMark [6]
proposeda Markovian modelfor an OBS port with FDLSs,
which captureghe boundeddelay andthe balking proper
tiesof FDLs.

De ection routing hasalsobeenproposedasa stratgy
for contentiorresolutionin a JET-basedOBSnetwork. Hsu
et al. [5] proposeda two-stageMarkovian modelthat ap-
proximatesthe behaior of a single outputport of an OBS
node with de ection routing. Chenet al. [1] also pro-
posedMarkovian modelsfor de ection routing, but theirs
aremoregenerabndcouldbeappliedto anOBSnodewith
ary numberof outputports.

Theopticalcompositeéburstswitching(OCBS)[2] is an-
otherOBSvariant.In OCBS,in caseof contentioronly the
initial partof theburstis droppeduntil afreewavelengthbe-
comesavailable. Thereforejn OCBSthelossprobabilityis
calculatedn termsof theupperayerpacletsratherthanthe
OBS bursts. Detti et al. [2] developedan analyticalmodel
for OCBSwith an ON-OFFarrival processNeutsetal. [8]
alsoanalyzedDCBSbut they assumea@ Poisson-distribted
trafc arrivalswhichallowedthemto useanM/G/1 model.

The JIT OBS signalingprotocol [13] was analyzedby
Xu et al. [15] usinga closedqueueingnetwork modelfor
anedgeOBS nodewherethe arrival processvasa 3-state
Markovian model,which allowedfor shortandlong bursts.
Xu etal. [14] alsoanalyzedhe samequeueinghetwork as-
sumingalarge numberof wavelengths.

Notethatall of thepreviously citedanalyticalmodelsfo-
cuson asingleOBS node. Thesemodelsprovide a limited
insight aboutthe overall performanceof an OBS network.
To our knowledge, the only publishedanalyticalmodel of
an OBS network is the one by Rosbeg et al. [10]. Their
approaclhis basedon the reducedoad x ed point approxi-
mation,wheretheloadto eachlink is approximatedby con-
sideringonly thereducedoadcausedy theblockingatthe
previous links alongthe route. They considera Poisson-
distributed arrival processand assumethat eachburst oc-
cupiessimultaneousha single-wavelengthfrom eachlink
alongits routeuntil it is lostor until it departdrom thenet-
work.

In OBS,however, thesizeof theburstscanvary andalso
the distancebetweentwo adjacennodeswill vary depend-
ing on the network's topology In view of this, it is un-
known how mary links eachburstwill occupy asit travels
throughthe network. Shortburstsmayoccupy asinglelink
atatime but it is possiblethat large burstscan simultane-
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Figure 1. Tandem OBS Network

ouslyoccupy two or morelinks. This behaior differsfrom

thewidely studiedpaclet-switchedor circuit switchednet-
works. In paclket-switching,a packet typically occupiesa

small fraction of a link in a wide-areanetwork, dueto to

the high-speedf thelinks andtherelatively smallsizeof a

paclet. Onthecontraryin acircuit-switchechetwork, such
as the telephonenetwork, a call simultaneouslyoccupies
onetime slot on eachlink of the pathbetweenthe source
andthedestination.Therefore new techniquesiave be de-

velopedin orderto investigatethe performancef OBSnet-

works, wherea burst may occugy morethanonelink, but

not all the links alongthe path betweenits sourceand its

destination.

In this paperwe studyfor the rst time anOBS network
wherea burst occupiessimultaneouslynorethanonelink,
but notall links, alongits route.We proposeanew queueing
model, which modelsdynamic simultaneoudink posses-
sion. We alsoproposea burstarrival processgalledIDLE-
ON, which accuratelycaptureghebursttransmissioratthe
edgeof the OBS network. Most otheranalyticalstudiesof
OBSassume Poissorarrival process. Our arrival process
is morerealisticbecausét re ects thefactthata new burst
cannot arrive into the network until the previous burstis
completelytransmitted.

The remainderof this paperis organizedasfollows. In
Section2, we describethe OBS network understudy and
in Section3, we presenta queueingnetwork model of it
and we describethe burst arrival process. In Section 4,
we presenta decompositionalgorithm for analyzingthis
gueueingnetwork andin Section5 we validate our algo-
rithm againstsimulationand discussthe results. We con-
cludethis paperin Section6.

2. The OBS Network Under Study

We consideran OBS network, wherethe corenodesin-
cludeoptical crossconnect@OXC). An OXC canoptically



switch a burst on an incomingwavelengthw; of aninput
porti to thesamewavelengthw; of ary outputportj . Each
OXC outputport hasafull wavelengthcornversioncapabil-
ity. Thatis, in the abose example,if wavelengthw; of the
outputportj is busythenthe burstwill be corvertedinto
thefrequeng of ary otherfree wavelength. The burstwill

bedroppedf all wavelengthsof the outputportj arebusy

We analyzethe performanceof a speci c pathin this
OBSnetwork andthuswe considetOXCs connectedn tan-
dem,asshowvn in Figurel. Two adjacentOXCs arelinked
by a single WDM ber. Each ber hasW transmission
wavelengthsThereareN OBSend-deices,whicharecon-
nectedto the rst OXC via N separatdinks, eachreferred
to aslink 1. Theseend-deicescollectupperlayertrafc,
sortit basedon a destinationaddressand assemblet into
variable-sizebursts. Similarly, thereis a numberof OBS
destinationend-dices, which are connectedria separate
linkstoOXC L 1, eachreferredto aslink L.

We investigate large bursts which occupy more than
onelink at the sametime asthey travel throughthe net-
work. Suchburstsare possiblesince both the burst size
andthe link lengthsare variable. As shavn by the study
of Madamopoulot al. [7], in an U.S. metropolitannet-
work of  3600km? the corerings have a a circumference
of 50-250km andaremadeof several OXCs connectedy
shortlinks. In oneof theirscenariosthecircumferencef a
corering is only 20.5km andit is madeof 4 OXCs, which
resultsin anaveragelink lengthof only  4km. Assuming
thatthe datarateis OC192,in this exampleall burstslarger
than 24KB will simultaneouslyhold resourceson more
thanonelink. In generaldependingn the maximumburst
size,theminimumlink lengthsandthedatarate,burstsmay
spantwo, threeor evenmorelinks atthe sametime.

In this paper we focus on a network whereburstsoc-
cupy wavelengthson two consecutie links simultaneously
butwe notethatouralgorithmcanbemodi ed to solve OBS
networks whereburstsspanmorethantwo links at a time.
In the speci c examplefrom Figure 1, we assumethat a
burstlaunchedby an end-deice will rst occupy a wave-
lengthonlink 1 andawavelengthonlink 2 simultaneously
thenit will move to occupy the samewavelengthon link 2
andawavelengthon link 3 simultaneouslyandsoon until
it departfrom the network.

In an OBS network, therewill be a mix of burststhat
hold resourceson single links and bursts that simultane-
ously hold resource®n multiple links. The algorithmpre-
sentedin this paper thoughlimited to the casewherea
burstsoccupiesexactly two bursts,providesavaluable rst
insight into the performanceof an OBS network with si-
multaneoudink possessionlt is alsoa rst steptowards
our goalto analyzea queueingnodelthatwill take into ac-
countbothtypesof bursts.
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Figure 2. The Queueing Network Model

3. The QueueingNetwork Model

The queueingmodelthat we proposefor an OBS path
with dynamic simultaneouspossessionof two links is
shavn in Figure2. Sincethereis no bufferingin OBS,the
gueueingnetwork modeldoesnot containary queuesand
thereforeburstlossis possibleat eachlink. The queueing
network consistsof a numberof lossnodeslinked in tan-
dem. Eachnodeconsistsof W seners, whereW is the
numberof wavelengthson eachlink.

3.1.Modeling SimultaneousPossession

Eachlossnodeof the queueingnetwork from Figure 2
representsno adjacentinks of the OBSpath. Thatis, node
12representiinks 1 and2, node23representtinks 2 and3
andsoon. Thenumberof burstsn; 1. inlossnode(i  1;i)
representshe numberof burstscurrently occupying links
(i 1) andlink i. For example,if njo = 2andny; = 1
thentherearetwo burstscurrently being transmittedover
link 1 andlink 2 andone burston link 2 andlink 3, see
Figure3. All threeburstsarecurrentlyoccupying a wave-
lengthon link 2. Note that a burst freesup a wavelength
on a link assoonasits tail departsan OXC. For instance,
in Figure3 despitethe factthatthe tail of burst3 is still in
link 1, anew burstcanenterlink 1 atthe samewavelength.
Similarly, assoonasthe headof a burstentersa link then
its assignedvavelengthwill be occupiedor the durationof
the burst. We notethata customeiin our queueingnetwork

( Tinki cjm{ k2 ﬂ:}(:i g

burst 1 £ A
burst 2 [ 1

Figure 3. Burst occupation of links
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represents burst, which alwaysoccupiesa wavelengthon
two adjacentlinks at the sametime. As the burst propa-
gatesthroughthenetwork, thecorrespondingustomesim-
ply movesfrom onelossnodeof the queueingnetwork to
the next. Dueto the full wavelengthcorversioncapability
ateachOBS node,a burstmay occupy onewavelengthon
link (i 1) andthe sameor differentwavelengthonlink i.

The maximum capacityof eachqueueingnodeis W,
which meansthat no morethan W burst can be transmit-
tedoverthesamdink atthesametime. Thereforewe have
thefollowing constraint:

Niis1 W forl i L 1 Q)

Furthermoregachlink of the network, exceptthe rst
andthe last one, is representedn two consecutie nodes
of the queueingnetwork. For example,node(i  1;i) and
node(i; i + 1) both containlink i, which cannot transmit
morethanW burstsat onetime. Therefore the following
constrainis alsotrue:

Ni 1 + Nii+1 W for2 i L 1 (2)

Theburstlengthis exponentiallydistributedwith amean
of 1= . It is possibleto modelthe burstlengthwith other
distributions,suchasCoxianor Phase-ype,but thiswill in-
creasdhedimensionalityof the statespaceof thequeueing
network.

3.2.The Arri val Process

In the consideredOBS network, each end-deice is
equippedvith asingletunabletransmitterwhich cantrans-
mit on ary of the W wavelengthof link 1. An end-deice
which is currently transmittinga burst, hasto wait until
thecurrenttransmissions completely nished beforeit can
startthe transmissiorof the next burst. Therefore thein-
terarrival time betweerburststransmittecby the sameend-
device mustbe dependenbn the time it takesto transmit
a burst. If we modelthe arrival processas Poisson bursts
would arrive randomlyanda new burstcould arrive before
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Figure 5. Multiple xed IDLE-ON Sour ces

thetransmissiomf thepreviousbursthasended.This, how-

ever, is unrealisticbecausehe end-deiceshave only a sin-

gle transmitter Instead we modelthe burstarrival process
with anIDLE-ON processwhich is the two-stateMarkov

processshowvn in Figure4. An OBS end-deice is in the
ON statewhenit is transmittinga burst. It remainsin this

statefor the durationof the burst, which is exponentially
distributedwith a meanof 1= . If the OBS end-deice is

not transmittingthenit is in the IDLE state,which is also
exponentiallydistributedwith ameanof 1= . Note,thatthe
IDLE-ON procesddiffers from the popular ON-OFF pro-

cess(seeFrostand Melamed[4]), usedto modelthe ar

rival of paclets. In IDLE-ON, the sourcetransmitsonly

one burstin the ON stateandthenit movesto the IDLE

state. In the ON-OFF model, however, the sourcecontin-
uouslytransmitspacletsfor the entiretime it is in the ON

state.

Thetotal trafc dueto the N end-deices,from hereon
referredto asthecrosstraf ¢, isamultiplexedstreanof the
burstarrivals from all N OBS end-deices. Thatis, there
areN IDLE-ON trafc sourceswhich generaterafc as
shavn in Figure5. We assumahatall N end-deicesare
modeledwith anidenticallDLE-ON processi.e.,eachend-
devicehasthesame and parametersAs mentionedore-
viously, the bursts,generatedby thesesourceswill occupy
two links at once. Therefore,immediatelyupon entering
thenetwork, a burstwill requeseawavelengthonlink 2 and
if no free wavelengthis availablethenit will be dropped.
Furthermorepnly W OBSend-deicescantransmitsimul-
taneoushbecauseventhoughthe end-deicesown theen-
tire bandwidthon their individual link 1, they all sharethe
capacityof link 2. Recallthatn;, indicatesthe numberof
burstscurrentlybeingtransmittedover link 1 and2, which
meanghatn, OBSend-deicesarein the ON stateandthe
remaining(N  ni») end-deicesarein theIDLE state.At
thatmomentanew burstcanonly arrivefromthe(N  ni»)



Figure 6. Queueing Network for an OBS path of 6 ber s with 2 wavelengths per ber

sourceghatarecurrentlynot transmitting. Thatis because
the n1, transmittingsourceshave to wait for the current
transmissioro be completedbeforeattemptingto transmit
a new burst. In view of this, the arrival rate of the multi-
plexedarrival streamfrom theN OBSend-deicesis:

1(n2) = (N ngp) ; 0 n W (3

In additionto thecrosstraf ¢, we alsoconsiderPoisson-
distributedlocal traf ¢ which loadsthe OBS pathwith ex-
tra bursts. This trafc arrivesat eachlink, exceptthe rst
one,andit subsequentlypecomegart of the crosstrafc.
Thatis, alocal traf ¢ burstentershe OBS pathataninter
mediatelink andit is routedtoward one of the destination
end-deices.

Finally, we notethatwe canalsoconsidethecasewhere
eachend-deice is equippedwith W transmitters.Thatis,
eachend-deice cantransmitsimultaneouslyV bursts,one
perwavelength.This casecanbe easilymodeledoy simply
consideringN W end-deicesratherthanN end-deices.

4. The DecompositionAlgorithm

Thequeueinghetwork, describedn Section3, isanopen
lossqueueingnetwork which doesnot have a productform
solution. However, this network possessethe Markovian
propertybecauseéboth the durationof the burstsandtheir
interarrival timesare exponentiallydistributed. The under
lying Markov proces®f this queueinghetwork canbecom-
pletelydescribedy thetuple(niz; n2sz; ;N 1. ), where
n; isthenumberof customersn nodeij andL is thetotal
numberof links. Dependingon the size of the OBS path,
however, the statespaceof this Markov processcan be-
comequite large. For example,an OBS path of 9 links,
whereeachlink’ s capacityis 16 wavelengthswill resultin
aMarkov processwith 140,930,306tates For thisreason,
we analyzethe network approximatelyby decomposingt

into small sub-systemsEachsub-systentanbe analyzed
numerically becausets governing processis Markovian.

In orderto analyzeeachsub-systemye needinformation
fromits adjacensub-systemsyhichleadsto aniterative al-

gorithm. Below, we illustrateour decompositioralgorithm
throughan example,andin Section4.2 we give its general
form.

4.1.An Example

In this example,we consideran OBS pathwhich con-
sistsof 6 WDM links connectedn tandem.Each ber has
two wavelengths,.e., W = 2. Thetrafc load 1(ni»)
to the OBS pathis generatedby N = 5 OBSend-deices,
modeledby the multiplexed IDLE-ON processiescribedn
Section3.2. In addition,thereis a Poisson-distribtedlocal
trafc ateachlink with anaveragearrival rate .

We modethis OBS pathby the ve-nodetandemqueue-
ing network, shavn in Figure 6. The queueingnetwork
is decomposethto two sub-systemgachcontainingthree
nodes.Sub-systeni consistof nodesl2,23 and34 while
sub-systen? consistof nodes34, 45 and56. We notethat
thetwo sub-systemsverlapwith node34.

The stateof eachsub-systentan be describedby a 3-
tuplevector e.g.,in sub-systeni the statedescriptionvec-
toris (n12; N23; N34). Thestatespaceof eachsub-systenis
subjectto the constraintg1) and(2) andit consistsof the
following states:

(000); (001); (002); (010); (011); (020); (100);
(101); (102); (110); (111); (200); (201); (202)

Theburstlossat eachlink is calculatedrom the steady-
stateprobability vectorsof eachsub-systemwhich we de-
noteby ;, wherei = 1 or2. Thesteady-statprobabilities

i areobtainedhumericallyby solvingthefollowing linear
equationsn matrix form:



Event Rate Transition States | Conditions
crossarrival to 12 1(n12) (N12:Nn23;N3a) ! (N2 + 1Nz ;ngg) | ifnpe + nag < W
notransition | if nyy + N3 = W
local arrival to 23 (N12;N23;N34) ! (N12;Nn23 + 1;N3a) ifny + N3 < W andnys + ngg < W
notransition | if nio + N3 = W orngs + nzgg = W
local arrival to 34 (n12;n23;Nn34) ! (N12;N23;N34 + 1) ifnos + N3z < W andnag + ngs < W
notransition | if N3 + Nn3gg = W orng + ngs = W
transitionfrom 12to 23 ni (n12;n23;Nn34) ! (N1 1;no3 + 1;N3g) ifnos + Nngg < W
(n12;n23;n34) ! 1;np3;Nn34) | ifnps + N3 = W
transitionfrom 23to 34 No3 (n12;n23;Nn34) ! (N12;nN23 1;nz + 1) ifng + ngs < W
(N12;N23;N34) ! (N12;n23  1ingg) | ifnas + ngs = W
departurefrom 34 N34 (n 12, N23; n34) ! (n 12,N23; N34 l) always
Table 1. Possib le State Transitions
departurerate from node 23 as a function of nz; andwe
useit asthe state-dependerarrival rateto sub-systen?:
iQ=0 (4)
ieg=1 (5)

where (5) is the normalization condition,
e = (1;L:5;1)7" and Q; is the rate matrix of each
sub-systemThis systemof linearequationss solvedusing
the Gauss-Seidehethod(seeStevart[11]).

Sub-system1. Assumethat at time t, sub-systeml
is in state(niz;No3;N3s). Thenattimet + 4t it may
transitioninto oneof the statesshovn in Table1. Therate
matrix Q; is generatedisingthosestatetransitions.Note,
however, that for someof the transitionswe neednys but
in sub-systenl we do not know its value. We addresshis
problem by conditioning someof the statetransitionsin

sub-systeni on the stateof sub-systen2. We do this by
using node 34, which is commonfor both sub-systemd
and2. In sub-systen2 we nd theconditionalprobabilityr

thatlink 4 is notfull giventhatthereareexactly ng4 bursts
in node34:

r(nss) = Probfng < W nasjnasg (6)

We use this probability information in sub-systeml.
Insteadof determiningvhethertheequalitynss + ngs < W
is satis ed, we usethe probabilityr (nz4). The successful
rateof transitionfrom node23 to 34 becomes (n34)No3 .
In other words, the sub-systentransitionswith that rate
from state(nyz; Na3; Nag) to state(nyz;Naz 1 Ngg + 1).
The unsuccessfutate, i.e., transitionform (ny2; N23; N34)
to(ni2; N3 1;ng) becomegl r(nsg))nos .

Sub-system2. Before we can generatethe rate ma-
trix Q,, we needto determinethe arrival processto
sub-systen®, which consistsof the crosstrafc, coming
from node23, andthelocal trafc atlink 3. Notethatthe
departurerate of the crosstrafc from node23is ny3 ,
0 np3  W. However, in sub-systen® we do not know
thevalueof ny3. Thereforen sub-systeni, we expressthe

N34 W

)
Now, we cangenerategheratematrix Q, for sub-system
2 using transitionssimilar to sub-systemil. In this case,
however, thereis no needto conditionary of thetransitions
becausesub-systen? containsall the information about
thelinks thatmake its nodes.

2(N3g) = Probfnzs = jjnssgj ; O
j=0

The Iterative Algorithm. We analyze this queueing
network with an iterative algorithm. In the initialization
step, we ignore ary of the link dependenciedbetween
the sub-systemsn order to get initial guessesfor the
steady-stat@robabilities ;, i = 1 or 2. In the iterative
step,we rst solve for 1 in sub-systeni by conditioning
some of the transitions with the probabilities r(ns,),
calculatedbasedon the value of , from the previous
iteration. Next, we determinethe state-dependersdrrival
rate , to sub-systen2 basedonthecurrentestimateof ;
andwe solve for ,. We repeatthe iterative stepuntil the
steady-statprobabilitiescorverge.

Calculation of the Burst Loss Probability. We now
shav how to calculatethe burstlossprobabilityat eachlink
of the path. Theburstlossprobabilityis the probabilitythat
thereare no available wavelengthsupon arrival. It refers
to the portion of arriving burstsat link i, which nd that
all thewavelengthsonlink i arebusy. We denotethe cross
traf c burstlossprobabilityatlink i with by .

Since our arrivals are state-dependenthe burst loss
probabilitiesare obtainedbasedthe steady-stat@ectors
in combinationwith the appropriatearrival rates. For ex-
ample,theburstlossprobabilityatlink 2 is givenby:

8

P
by = ity 1(i) ProbfLink 2is full jni, = ig
"W 1(i) Probfny, = ig

wherethe probabilitiesarefoundbasedn ;. Theform of



thenumeratoiis justi ed by thefactthat ; is afunctionof
ni,. Thedenominatorepresentthe averagearrival rate.
Theburstlossprobabilityatlink 3 is alsofoundbasedn
1 andit is givenby:

Pw . _ _ _ _
izo | ProbfLink 3is full jn;, = ig

by = .
" Mo i Probfny, = ig

Note that the calculationof b is similar to b, exceptthat
we don't know the arrival rateto node 23 and insteadwe
usethe departurgatefrom nodel2.

The remaining burst lost probabilities are calculated
basedon . Burstlossatlink 4, i.e, b, is calculatedsimi-
larly to b, while bs is similarto b;. We notethatthereis no
burstlossonthe rst andthelastlinks, sinceeachof these
links is dedicatedo anend-deice.

9)

4.2.Generalization of the Algorithm

We now generalizeour ideasto an OBS pathwith ary

numberof links. First, we constructa queueingnetwork so
that eachnoderepresentshe numberof links that are si-
multaneouslypossesselly a burst,seeSection3. Next, we
decomposghis queueingnetwork into sub-systemandwe
denotethe numberof sub-systemby s. Therearedifferent
waysto decomposehe queueingnetwork but a large num-
ber of nodesper sub-systenanda large numberof wave-
lengthswill resultin an unmanageablaumberof states.
Evenfor a sub-systenwith 3 nodes,the numberof states
is in the orderof O(W3). Therefore,a decompositiorof
3 nodesper sub-systemwith singlenodeoverlapis agood
rst choicewhile W is not too large. Note that with this
type of decompositionf the numberof nodesin thequeue-
ing network is even, thenthe last sub-systenwill contain
only 2 nodes.This is not a problemsincethe analysisof a
2-nodesub-systenis identicalto a 3-nodesub-system.

For avery large W a decompositiorof 2 nodesper sub-
systemwith single node overlap is a betterchoice. The
numberof statedor a sub-systenof 2 nodess in the order
of O(W?) andthereforeOBS networks with muchgreater
numberof wavelengthanbe analyzed.

The generalizedalgorithm is outlinedin Algorithm 1.
Notethatthe superscriptefersto the iterationnumberand

the corvergence condition is met when the steady-state
probabilitiescorverme, i.e, j J-(i) j(i 1)j < ,1 | s
and = 10 °. Oncethesteady-statprobabilityvectors j,
1 | sarecomputedtheburstlossprobabilitiesateach

link canbeobtained.

5. Numerical Results

We now presentnumericalresultsfor the crosstrafc
burstlossprobabilityat eachlink of anOBS pathby utiliz-
ing our decompositioralgorithmandwe comparethemto

[Initialization Step;

forj = 1:sdo

if j = 1then

‘ J-(l) (n2) = (N n12) ;

else

L calculate j(l) (nj;j+1) basedn M

i
//solveead sub-systenmdependently
rj(l) =1

generater(') :

(i) .

j

solwve for

/lIterative Step;

for i = 2 until corvergencedo

forj = 1:sdo

if j 6 1then

t calculate (" (nj;.+1) basecon ;;
/lgetthe conditionprobabilitiesfor all
sub-systemiut thelastone;

if j 6 sthen

t calculaterj(i) basedn J-(Lll);
generatéQj(i) ;

solve for j(i) :

Algorithm 1: Generalizatiorfor a QueueingNetwork
with Any Numberof Nodes
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Figure 7. Burst Loss Probability for W=16,
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simulationresults. Theanalyticalresultsareobtainedusing
Matlab code,while the simulationresultsareobtainedwith
a customevent-driven C++ simulator For eachreported
statistic, we ran the simulation 30 timesfor a sufciently
longtimein orderto computehe95%con denceintenals.
Note,thatthe simulationresultsareplottedalongwith their
con denceintervals but the con denceintenals are quite
smallandhardlyvisible ontheplots. We only present few
speci ¢ examplesbut we testedour algorithmfor a variety
of input parameterandwe foundit to have goodaccurag.

First, we presentresultsfor an OBS pathof 8 links,i.e.
L = 8, which we modelasatandemqueueingnetwork of
7 lossnodes Eachlink hasw = 16 wavelengthsandthere
areN = 32 OBStransmittingend-deices,eachmodeled
by anIDLE-ON source.Theintensityof thecrosstrafc is
variedbasedn thetime spentin the IDLE state,i.e, based
onthevalueof . ThelocalarrivalsarePoisson-distribted
andtheir averagerateis the sameat eachlink of the OBS
path,i.e, = 0:5. The analyticalresultsare obtainedby
decomposinghequeueinghetwork into 3 sub-systemeach
containing3 nodesandoverlappingby asinglenode.

In Figure 7, we plot the burstlossprobability by ateach
link i, wherei = 2; 3:::; 7 for variousvaluesof . Theplot
veri es thatouranalyticalresultsmatchquitecloselythere-
sultsobtainedhroughsimulation.Thereis a slightly higher
erroratlinks 4 and6, whoseburstlossprobabilitiesarecal-

culatedattheoverlapnodesbetweerthethreesub-systems.

The slightly highererror is dueto the approximationused
in calculatingthe state-dependeatrrivals.

We obsere a ltering effect of the burstlossprobabili-
ties. Thatis, aswe increaseheloadat thefront of the OBS
path, the burst loss probability at link 2 rapidly increases
but that phenomenomloesnot carry over to the otherlinks
in the path. Eachlink actsasa Iter becausét dropssome
of its incomingburstsandthustheloadto thefollowing link
is reducedIn addition,thereis atendeny for theburstloss
probability to slightly increasefrom link 2 to link 7, which
is causedyy local arrivals at eachlink. The reasonis that
ary local trafc burst, thatis not lost at the link whereit
arrives, is carriedon as part of the crosstraf c to the fol-
lowing link. We do not plot the crosstrafc burstlossat
links 1 and8 becausdt is zero.

For this scenarionwe alsoplot the utilization = (W )
of eachlink in Figure8. We obsere thatat the lower load
thelink utilizationincrease$rom link 2 to link 7 becaus®f
theaddedocal arrivals. However, aswe increaseheload,
the utilization of links 5,6 and 7 corverges. Onceagain,
thatis explainedby the previously noted Itering effect. It
is alsointerestingto notethatat 50% andbelow utilization
theburstlossprobabilityis around0.1.

In Figure 9 we plot the burst loss probabilitiesfor an
OBSpathwith L = 6linksandW = 8wavelengthsutthis
timetheloadis low to moderate Again,theaccurayg of our

0.4 T T

T
Burst Occupies 2 links —+—
Burst Occupies 1 link ------

Burst Loss Probability

Link

Figure 12. Burst Loss Probability for W=16,
L=8, = 05N=32and = 05

algorithmis very goodwith thelargesterroratlink 4, which
is theoverlapnodein theanalyticalsolution. Theutilization
of this scenariais plottedin Figure10. Note again, thatat
utilization below 50%,the burstlossis keptbelov 0.15.

In ouralgorithm,we assumetate-dependeatrival rates
to eachsub-systemWe show a validationof this assump-
tionin Figurell,wherewe have plottedthestate-dependent
arrival rates per sub-system. From the gure, one can
seethat our simulation and analytical resultsmatchvery
closely

In Figure 12 we comparethe simulationresultsfor the
burstloss probability in the casewhereburstshold only a
wavelengthonasinglelink atatimeto thecasewvherebursts
requirea wavelengthon two consecutie links. We keep
all the other input parametergonstant. We obsenre that
the OBS pathwith burstswhich occupy two wavelengths
on two consecutie links, hasa considerablyhigher burst
loss probability becausesachburst requiresmore network
resourcesThereforejn orderto correctlyevaluatethe per
formanceof an OBS network it is hecessaryo determine
whetheror not burstswill spanmultiple links.

6. Conclusions

In this paper we consideredhe performanceof a path
in an OBS network, where bursts simultaneouslypossess
wavelengthson two consecutie links. We analyticallyan-
alyzedthis OBS path by constructingan open queueing
network with IDLE-ON arrival process. We developeda
decompositioralgorithmandwe calculatedthe end-to-end
burstloss probabilitiesat eachlink of the OBS path. The
accurag of our algorithmwasveri ed by simulation. We
founda lItering effectonthetrafc duetotheburstlossesat



eachlink, which cannotbeaccuratelycapturedn studiesof

asingleOBSnode.We alsofoundthatat 50%or below link

utilization the burstlossprobabilityis only about0.1, how-

ever, thatlossprobabilityrapidlyincreasesstheutilization

increasesFinally, we found thatthe burstloss probability
is much higherin the casewhereburstsoccupy two links

atatime to the casewhereeachburstpossess wavelength
onsinglelink. We arecurrentlyworking on extendingour
algorithmto anOBSnetwork with a mix of burststhatspan
asinglelink andburststhatspanmultiple links.
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