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Abstract

In this paper, we calculateanalytically the end-to-end
burst loss probabilities over a path in an Optical Burst
Switched(OBS)network. To this effect, we considerOBS
nodeslinkedbyWDM�bers in seriessoasto forma single
path.Thetraf�c over thisOBSpathis generatedbyN end-
devices.We considerlarge bursts,which are assumedto be
longenoughto occupywavelengthson twosuccessiveOBS
�bers (links) at thesametime. A burst is droppedif all the
wavelengthsof a link arebusy.

This OBSpath is modeledby a queueingnetworkwith
dynamicsimultaneousresource possession.Theburst ar-
rival processfrom each transmitting OBS end-device is
modeledby an IDLE-ON traf�c source, which is repre-
sentedbya two-stateMarkov process.In addition,Poisson-
distributedlocal traf�c is usedin order to increasethecon-
gestionof each link in the path. Thequeueingnetworkis
analyzedapproximatelyby a decompositionalgorithm in
order to calculatethe burst lossprobabilitiesat each link
of theOBSpath. Theapproximateresultswere veri�ed by
simulationfor a varietyof inputparametersandtheapprox-
imationalgorithmwasfoundto havea goodaccuracy.

1. Intr oduction

OBS is a viable solution for the next generationall-
optical networks becauseit clearly separatesits dataand
control planes. The userdataandthe correspondingcon-
trol informationaretransmittedseparatelyin timeandspace
throughthe network. The control informationis transmit-
ted prior to the userdataandit is electronicallyprocessed
at eachnodealong the route. The userdataitself travels
transparentlyasanopticalsignalfrom thesourceto thedes-
tination. This is advantageousbecausetheOBSnodesjust

switchtheopticalsignalswithout having to know any spe-
ci�c informationaboutthe format or the transmissionrate
of theuserdata.

In anOBSnetwork, thedataplaneconsistsof theupper
layer traf�c collectedby theOBSend-devices. This traf�c
is collected,sortedbasedon its destinationaddressandit is
assembledinto variablesizedataunits, calledbursts. For
eachburst,theOBSend-devicesconstructacontrol packet,
which is transmittedanoffsettimeprior to thetransmission
of theburst.Thecontrolpackettravelsalongtherouteandit
reservesbandwidthresourcesfor its correspondingburstat
eachOBSnode.Uponreceiptof thecontrolpacket,anOBS
nodeassignsa free wavelengthon the desiredoutputport
andcon�gures its switchingfabric to transparentlyswitch
the upcomingburst. After the offset time, the OBS end-
device transmitstheburstitself.

Becauseof the predictedhigh datarates,mostOBS ar-
chitecturessupporta one-wayreservationschemein order
to decreasethe end-to-endtransmissiondelay. In other
words, an end-device transmitsa burst without a positive
acknowledgmentfrom the destinationthat the optical path
hasbeensetup. A burstmaybedroppedif it arrivesat an
OBSnode,wherethecontrolpacketwasunsuccessfulat re-
servinga wavelengthon its desiredoutputport. Therefore
thecalculationof theburst lossprobability is an important
measureof theperformanceof anOBSnetwork.

Many performanceevaluationstudiesof OBShavebeen
reportedin theliterature.For example,theJET-basedOBS
protocolby QiaoandYoo [9] hasbeenstudiedby focusing
ona singleoutputport of anOBSnodeandassumingPois-
sonarrivals andfull wavelengthconversion(seeDolzer et
al. [3],Yooetal. [16],Vu etal. [12]). A singleoutputportof
an OBS nodeis modeledasan M/G/W losssystemwhere
W is the numberof wavelengthsper �ber. The burst loss
probability is calculatedusing the well-known Erlang's B
formula.

OtherOBSstudiesconsidertheJETprotocolin anOBS



nodewith �ber delay lines (FDLs). The reasonis that an
FDL can buffer the optical signalsfor a small amountof
time in caseof contentionat an output port and thus re-
ducetheprobabilityof burst loss. Yoo et al. [16] deriveda
lower boundfor theblockingprobabilityby approximating
anOBSoutputport with FDLs asanM/M/W/D, whereW
is thenumberof wavelengthsper�ber, D = W + W � N and
N is thenumberof FDLs. More recently, Lu andMark [6]
proposeda Markovian modelfor anOBSport with FDLs,
which capturesthe boundeddelayandthe balking proper-
tiesof FDLs.

De�ection routing hasalsobeenproposedasa strategy
for contentionresolutionin aJET-basedOBSnetwork. Hsu
et al. [5] proposeda two-stageMarkovian model that ap-
proximatesthebehavior of a singleoutputport of anOBS
node with de�ection routing. Chen et al. [1] also pro-
posedMarkovian modelsfor de�ection routing, but theirs
aremoregeneralandcouldbeappliedto anOBSnodewith
any numberof outputports.

Theopticalcompositeburstswitching(OCBS)[2] is an-
otherOBSvariant.In OCBS,in caseof contentiononly the
initial partof theburstis droppeduntil afreewavelengthbe-
comesavailable.Therefore,in OCBSthelossprobabilityis
calculatedin termsof theupperlayerpacketsratherthanthe
OBSbursts. Detti et al. [2] developedananalyticalmodel
for OCBSwith anON-OFFarrival process.Neutset al. [8]
alsoanalyzedOCBSbut they assumedaPoisson-distributed
traf�c arrivalswhichallowedthemto useanM/G/1 model.

The JIT OBS signalingprotocol [13] was analyzedby
Xu et al. [15] usinga closedqueueingnetwork model for
an edgeOBS nodewherethe arrival processwasa 3-state
Markovianmodel,whichallowedfor shortandlongbursts.
Xu et al. [14] alsoanalyzedthesamequeueingnetwork as-
suminga largenumberof wavelengths.

Notethatall of thepreviouslycitedanalyticalmodelsfo-
cuson a singleOBSnode.Thesemodelsprovide a limited
insight aboutthe overall performanceof an OBS network.
To our knowledge,the only publishedanalyticalmodelof
an OBS network is the oneby Rosberg et al. [10]. Their
approachis basedon thereducedload�x edpoint approxi-
mation,wheretheloadto eachlink is approximatedby con-
sideringonly thereducedloadcausedby theblockingat the
previous links along the route. They considera Poisson-
distributedarrival processandassumethat eachburst oc-
cupiessimultaneouslya single-wavelengthfrom eachlink
alongits routeuntil it is lostor until it departsfrom thenet-
work.

In OBS,however, thesizeof theburstscanvaryandalso
thedistancebetweentwo adjacentnodeswill vary depend-
ing on the network's topology. In view of this, it is un-
known how many links eachburstwill occupy asit travels
throughthenetwork. Shortburstsmayoccupy a singlelink
at a time but it is possiblethat large burstscansimultane-

Figure 1. Tandem OBS Network

ouslyoccupy two or morelinks. This behavior differsfrom
thewidely studiedpacket-switchedor circuit switchednet-
works. In packet-switching,a packet typically occupiesa
small fraction of a link in a wide-areanetwork, due to to
thehigh-speedof thelinks andtherelatively smallsizeof a
packet. Onthecontrary, in acircuit-switchednetwork, such
as the telephonenetwork, a call simultaneouslyoccupies
onetime slot on eachlink of the pathbetweenthe source
andthedestination.Therefore,new techniqueshave bede-
velopedin orderto investigatetheperformanceof OBSnet-
works, wherea burst may occupy morethanonelink, but
not all the links alongthe pathbetweenits sourceand its
destination.

In this paperwe studyfor the�rst time anOBSnetwork
wherea burstoccupiessimultaneouslymorethanonelink,
but notall links,alongits route.Weproposeanew queueing
model, which modelsdynamicsimultaneouslink posses-
sion. We alsoproposea burstarrival process,calledIDLE-
ON, whichaccuratelycapturesthebursttransmissionat the
edgeof theOBSnetwork. Most otheranalyticalstudiesof
OBSassumea Poissonarrival process.Our arrival process
is morerealisticbecauseit re�ects thefactthata new burst
cannot arrive into the network until the previous burst is
completelytransmitted.

The remainderof this paperis organizedasfollows. In
Section2, we describethe OBS network understudyand
in Section3, we presenta queueingnetwork model of it
and we describethe burst arrival process. In Section 4,
we presenta decompositionalgorithm for analyzingthis
queueingnetwork and in Section5 we validateour algo-
rithm againstsimulationanddiscussthe results. We con-
cludethispaperin Section6.

2. The OBSNetwork Under Study

We consideranOBSnetwork, wherethecorenodesin-
cludeoptical crossconnects(OXC). An OXC canoptically



switch a burst on an incomingwavelengthw1 of an input
port i to thesamewavelengthw1 of any outputport j . Each
OXC outputport hasa full wavelengthconversioncapabil-
ity. That is, in theabove example,if wavelengthw1 of the
outputport j is busy thenthe burst will be convertedinto
the frequency of any otherfreewavelength.Theburstwill
bedroppedif all wavelengthsof theoutputport j arebusy.

We analyzethe performanceof a speci�c path in this
OBSnetwork andthusweconsiderOXCsconnectedin tan-
dem,asshown in Figure1. Two adjacentOXCs arelinked
by a single WDM �ber. Each �ber hasW transmission
wavelengths.ThereareN OBSend-devices,whicharecon-
nectedto the �rst OXC via N separatelinks, eachreferred
to aslink 1. Theseend-devicescollect upperlayer traf�c,
sort it basedon a destinationaddressandassembleit into
variable-sizebursts. Similarly, thereis a numberof OBS
destinationend-devices,which areconnectedvia separate
links to OXC L � 1, eachreferredto aslink L .

We investigate large bursts which occupy more than
one link at the sametime as they travel throughthe net-
work. Suchburstsare possiblesinceboth the burst size
and the link lengthsarevariable. As shown by the study
of Madamopouloset al. [7], in an U.S. metropolitannet-
work of � 3600km2 thecoreringshave a a circumference
of 50-250km andaremadeof severalOXCs connectedby
shortlinks. In oneof theirscenarios,thecircumferenceof a
corering is only 20.5km andit is madeof 4 OXCs, which
resultsin anaveragelink lengthof only � 4km. Assuming
thatthedatarateis OC192,in thisexampleall burstslarger
than � 24KB will simultaneouslyhold resourceson more
thanonelink. In general,dependingon themaximumburst
size,theminimumlink lengthsandthedatarate,burstsmay
spantwo, threeor evenmorelinks at thesametime.

In this paper, we focuson a network whereburstsoc-
cupy wavelengthson two consecutive links simultaneously
butwenotethatouralgorithmcanbemodi�ed tosolveOBS
networkswhereburstsspanmorethantwo links at a time.
In the speci�c examplefrom Figure 1, we assumethat a
burst launchedby an end-device will �rst occupy a wave-
lengthon link 1 andawavelengthon link 2 simultaneously,
thenit will move to occupy thesamewavelengthon link 2
anda wavelengthon link 3 simultaneously, andsoon until
it departsfrom thenetwork.

In an OBS network, therewill be a mix of burststhat
hold resourceson single links and bursts that simultane-
ouslyhold resourceson multiple links. Thealgorithmpre-
sentedin this paper, though limited to the casewhere a
burstsoccupiesexactly two bursts,providesa valuable�rst
insight into the performanceof an OBS network with si-
multaneouslink possession.It is alsoa �rst steptowards
ourgoalto analyzeaqueueingmodelthatwill take into ac-
countbothtypesof bursts.

Figure 2. The Queueing Network Model

3. The QueueingNetwork Model

The queueingmodel that we proposefor an OBS path
with dynamic simultaneouspossessionof two links is
shown in Figure2. Sincethereis no buffering in OBS,the
queueingnetwork modeldoesnot containany queuesand
thereforeburst lossis possibleat eachlink. The queueing
network consistsof a numberof lossnodeslinked in tan-
dem. Eachnodeconsistsof W servers, whereW is the
numberof wavelengthsoneachlink.

3.1.Modeling SimultaneousPossession

Eachlossnodeof the queueingnetwork from Figure2
representstwo adjacentlinks of theOBSpath.Thatis, node
12representslinks 1 and2, node23representslinks 2 and3
andsoon. Thenumberof burstsn i � 1;i in lossnode(i � 1; i )
representsthe numberof burstscurrentlyoccupying links
(i � 1) andlink i . For example,if n12 = 2 andn23 = 1
then thereare two burstscurrentlybeing transmittedover
link 1 and link 2 and one burst on link 2 and link 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 fact that the tail of burst3 is still in
link 1, a new burstcanenterlink 1 at thesamewavelength.
Similarly, assoonasthe headof a burst entersa link then
its assignedwavelengthwill beoccupiedfor thedurationof
theburst.We notethata customerin ourqueueingnetwork

Figure 3. Bur st occupation of links



Figure 4. IDLE/ON Sour ce

representsa burst,which alwaysoccupiesa wavelengthon
two adjacentlinks at the sametime. As the burst propa-
gatesthroughthenetwork, thecorrespondingcustomersim-
ply movesfrom onelossnodeof the queueingnetwork to
thenext. Due to the full wavelengthconversioncapability
at eachOBSnode,a burstmayoccupy onewavelengthon
link (i � 1) andthesameor differentwavelengthon link i .

The maximumcapacityof eachqueueingnode is W ,
which meansthat no morethanW burst canbe transmit-
tedover thesamelink at thesametime. Therefore,wehave
thefollowing constraint:

ni;i +1 � W f or 1 � i � L � 1 (1)

Furthermore,eachlink of the network, except the �rst
and the last one, is representedin two consecutive nodes
of thequeueingnetwork. For example,node(i � 1; i ) and
node(i; i + 1) bothcontainlink i , which cannot transmit
morethanW burstsat onetime. Therefore,the following
constraintis alsotrue:

ni � 1;i + ni;i +1 � W f or 2 � i � L � 1 (2)

Theburstlengthis exponentiallydistributedwith amean
of 1=� . It is possibleto modelthe burst lengthwith other
distributions,suchasCoxianor Phase-Type,but thiswill in-
creasethedimensionalityof thestatespaceof thequeueing
network.

3.2.The Arri val Process

In the consideredOBS network, each end-device is
equippedwith asingletunabletransmitter, whichcantrans-
mit on any of theW wavelengthsof link 1. An end-device
which is currently transmittinga burst, has to wait until
thecurrenttransmissionis completely�nished beforeit can
start the transmissionof the next burst. Therefore,the in-
terarrival time betweenburststransmittedby thesameend-
device mustbe dependenton the time it takes to transmit
a burst. If we modelthe arrival processasPoisson,bursts
would arrive randomlyanda new burstcouldarrive before

Figure 5. Multiple xed IDLE­ON Sour ces

thetransmissionof thepreviousbursthasended.This,how-
ever, is unrealisticbecausetheend-deviceshave only a sin-
gle transmitter. Instead,we modeltheburstarrival process
with an IDLE-ON process,which is the two-stateMarkov
processshown in Figure4. An OBS end-device 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-device is
not transmittingthenit is in the IDLE state,which is also
exponentiallydistributedwith ameanof 1=� . Note,thatthe
IDLE-ON processdiffers from the popularON-OFF pro-
cess(seeFrost and Melamed[4]), usedto model the ar-
rival of packets. In IDLE-ON, the sourcetransmitsonly
one burst in the ON stateand then it moves to the IDLE
state. In the ON-OFFmodel,however, the sourcecontin-
uouslytransmitspacketsfor theentiretime it is in theON
state.

The total traf�c dueto theN end-devices,from hereon
referredto asthecrosstraf�c, is amultiplexedstreamof the
burst arrivals from all N OBS end-devices. That is, there
areN IDLE-ON traf�c sources,which generatetraf�c as
shown in Figure5. We assumethat all N end-devicesare
modeledwith anidenticalIDLE-ON process,i.e.,eachend-
devicehasthesame� and� parameters.As mentionedpre-
viously, thebursts,generatedby thesesources,will occupy
two links at once. Therefore,immediatelyupon entering
thenetwork, aburstwill requestawavelengthon link 2 and
if no free wavelengthis available then it will be dropped.
Furthermore,only W OBSend-devicescantransmitsimul-
taneouslybecauseeventhoughtheend-devicesown theen-
tire bandwidthon their individual link 1, they all sharethe
capacityof link 2. Recallthatn12 indicatesthenumberof
burstscurrentlybeingtransmittedover link 1 and2, which
meansthatn12 OBSend-devicesarein theON stateandthe
remaining(N � n12) end-devicesarein theIDLE state.At
thatmomentanew burstcanonly arrivefrom the(N � n12)



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

sourcesthatarecurrentlynot transmitting.That is because
the n12 transmittingsourceshave to wait for the current
transmissionto becompletedbeforeattemptingto transmit
a new burst. In view of this, the arrival rateof the multi-
plexedarrival streamfrom theN OBSend-devicesis:

� 1(n12) = (N � n12)� ; 0 � n12 � W (3)

In additionto thecrosstraf�c, wealsoconsiderPoisson-
distributedlocal traf�c which loadstheOBSpathwith ex-
tra bursts. This traf�c arrivesat eachlink, exceptthe �rst
one,andit subsequentlybecomespart of the crosstraf�c.
Thatis, a local traf�c burstenterstheOBSpathat aninter-
mediatelink andit is routedtoward oneof the destination
end-devices.

Finally, wenotethatwecanalsoconsiderthecasewhere
eachend-device is equippedwith W transmitters.That is,
eachend-devicecantransmitsimultaneouslyW bursts,one
perwavelength.Thiscasecanbeeasilymodeledby simply
consideringN � W end-devicesratherthanN end-devices.

4. The DecompositionAlgorithm

Thequeueingnetwork,describedin Section3, is anopen
lossqueueingnetwork, whichdoesnothaveaproductform
solution. However, this network possessesthe Markovian
propertybecauseboth the durationof the burstsandtheir
interarrival timesareexponentiallydistributed. Theunder-
lying Markov processof thisqueueingnetwork canbecom-
pletelydescribedby thetuple(n12; n23; :::; nL � 1;L ), where
nij is thenumberof customersin nodeij andL is thetotal
numberof links. Dependingon the sizeof the OBS path,
however, the statespaceof this Markov processcan be-
comequite large. For example,an OBS path of 9 links,
whereeachlink' s capacityis 16 wavelengths,will resultin
a Markov processwith 140,930,306states.For this reason,
we analyzethenetwork approximately, by decomposingit

into small sub-systems.Eachsub-systemcanbe analyzed
numericallybecauseits governing processis Markovian.
In orderto analyzeeachsub-system,we needinformation
from its adjacentsub-systems,whichleadsto aniterativeal-
gorithm. Below, we illustrateour decompositionalgorithm
throughanexample,andin Section4.2 we give its general
form.

4.1.An Example

In this example,we consideran OBS pathwhich con-
sistsof 6 WDM links connectedin tandem.Each�ber has
two wavelengths,i.e., W = 2. The traf�c load � 1(n12)
to theOBSpathis generatedby N = 5 OBSend-devices,
modeledby themultiplexedIDLE-ON processdescribedin
Section3.2. In addition,thereis aPoisson-distributedlocal
traf�c ateachlink with anaveragearrival rate
 .

WemodethisOBSpathby the� ve-nodetandemqueue-
ing network, shown in Figure 6. The queueingnetwork
is decomposedinto two sub-systemseachcontainingthree
nodes.Sub-system1 consistsof nodes12,23 and34 while
sub-system2 consistsof nodes34,45 and56. We notethat
thetwo sub-systemsoverlapwith node34.

The stateof eachsub-systemcanbe describedby a 3-
tuplevector, e.g.,in sub-system1 thestatedescriptionvec-
tor is (n12; n23; n34). Thestatespaceof eachsub-systemis
subjectto the constraints(1) and(2) andit consistsof the
following states:

(000); (001); (002); (010); (011); (020); (100);

(101); (102); (110); (111); (200); (201); (202)

Theburstlossat eachlink is calculatedfrom thesteady-
stateprobabilityvectorsof eachsub-system,which we de-
noteby � i , wherei = 1 or 2. Thesteady-stateprobabilities
� i areobtainednumericallyby solvingthefollowing linear
equationsin matrix form:



Event Rate Transition States Conditions
crossarrival to 12 � 1 (n 12 ) (n 12 ; n 23 ; n 34 ) ! (n 12 + 1; n 23 ; n 34 ) if n 12 + n 23 < W

no transition if n 12 + n 23 = W
localarrival to 23 
 (n 12 ; n 23 ; n 34 ) ! (n 12 ; n 23 + 1; n 34 ) if n 12 + n 23 < W andn 23 + n 34 < W

no transition if n 12 + n 23 = W or n 23 + n 34 = W
localarrival to 34 
 (n 12 ; n 23 ; n 34 ) ! (n 12 ; n 23 ; n 34 + 1) if n 23 + n 34 < W andn 34 + n 45 < W

no transition if n 23 + n 34 = W or n 34 + n 45 = W
transitionfrom 12 to 23 n 12 � (n 12 ; n 23 ; n 34 ) ! (n 12 � 1; n 23 + 1; n 34 ) if n 23 + n 34 < W

(n 12 ; n 23 ; n 34 ) ! (n 12 � 1; n 23 ; n 34 ) if n 23 + n 34 = W
transitionfrom 23 to 34 n 23 � (n 12 ; n 23 ; n 34 ) ! (n 12 ; n 23 � 1; n 34 + 1) if n 34 + n 45 < W

(n 12 ; n 23 ; n 34 ) ! (n 12 ; n 23 � 1; n 34 ) if n 34 + n 45 = W
departurefrom 34 n 34 � (n 12 ; n 23 ; n 34 ) ! (n 12 ; n 23 ; n 34 � 1) always

Table 1. Possib le State Transitions

� i Qi = 0 (4)

� i ei = 1 (5)

where (5) is the normalization condition,
ei = (1; 1; :::; 1)T and Qi is the rate matrix of each
sub-system.Thissystemof linearequationsis solvedusing
theGauss-Seidelmethod(seeStewart [11]).

Sub-system 1. Assume that at time t, sub-system1
is in state(n12; n23; n34). Then at time t + 4 t it may
transitioninto oneof thestatesshown in Table1. Therate
matrix Q1 is generatedusingthosestatetransitions.Note,
however, that for someof the transitionswe needn45 but
in sub-system1 we do not know its value. We addressthis
problem by conditioningsomeof the statetransitionsin
sub-system1 on the stateof sub-system2. We do this by
using node34, which is commonfor both sub-systems1
and2. In sub-system2 we�nd theconditionalprobabilityr
that link 4 is not full giventhatthereareexactly n34 bursts
in node34:

r (n34) = Pr obf n45 < W � n34 j n34g (6)

We use this probability information in sub-system1.
Insteadof determiningwhethertheequalityn34 + n45 < W
is satis�ed, we usethe probability r (n34). The successful
rateof transitionfrom node23 to 34 becomesr (n34)n23� .
In other words, the sub-systemtransitionswith that rate
from state(n12; n23; n34) to state(n12; n23 � 1; n34 + 1).
The unsuccessfulrate, i.e., transitionform (n12; n23; n34)
to (n12; n23 � 1; n34) becomes(1 � r (n34))n23� .

Sub-system 2. Before we can generatethe rate ma-
trix Q2, we need to determine the arrival processto
sub-system2, which consistsof the crosstraf�c, coming
from node23, andthe local traf�c at link 3. Note that the
departurerate of the crosstraf�c from node23 is n23� ,
0 � n23 � W . However, in sub-system2 we do not know
thevalueof n23. Thereforein sub-system1, weexpressthe

departurerate from node23 as a function of n34 and we
useit asthestate-dependentarrival rateto sub-system2:

� 2(n34) =
WX

j =0

Pr obf n23 = j jn34gj �; 0 � n34 � W

(7)
Now, wecangeneratetheratematrixQ2 for sub-system

2 using transitionssimilar to sub-system1. In this case,
however, thereis noneedto conditionany of thetransitions
becausesub-system2 containsall the information about
thelinks thatmake its nodes.

The Iterati ve Algorithm. We analyze this queueing
network with an iterative algorithm. In the initialization
step, we ignore any of the link dependenciesbetween
the sub-systemsin order to get initial guessesfor the
steady-stateprobabilities� i , i = 1 or 2. In the iterative
step,we �rst solve for � 1 in sub-system1 by conditioning
some of the transitions with the probabilities r (n34),
calculatedbasedon the value of � 2 from the previous
iteration. Next, we determinethe state-dependentarrival
rate� 2 to sub-system2 basedon thecurrentestimateof � 1

andwe solve for � 2. We repeatthe iterative stepuntil the
steady-stateprobabilitiesconverge.

Calculation of the Burst Loss Probability. We now
show how to calculatetheburstlossprobabilityateachlink
of thepath.Theburstlossprobabilityis theprobabilitythat
thereare no available wavelengthsupon arrival. It refers
to the portion of arriving burstsat link i , which �nd that
all thewavelengthson link i arebusy. We denotethecross
traf�c burstlossprobabilityat link i with bi .

Since our arrivals are state-dependent,the burst loss
probabilitiesareobtainedbasedthe steady-statevectors�
in combinationwith the appropriatearrival rates. For ex-
ample,theburstlossprobabilityat link 2 is givenby:

b2 =
P W

i =0 � 1(i ) Pr obf Link 2 is f ul l jn12 = ig
P W

i =0 � 1(i ) Pr obf n12 = ig
(8)

wheretheprobabilitiesarefoundbasedon � 1. Theform of



thenumeratoris justi�ed by thefactthat� 1 is a functionof
n12. Thedenominatorrepresentstheaveragearrival rate.

Theburstlossprobabilityat link 3 is alsofoundbasedon
� 1 andit is givenby:

b3 =
P W

i =0 i� Pr obf Link 3 is f ul l jn12 = ig
P W

i =0 i� Pr obf n12 = ig
(9)

Note that the calculationof b3 is similar to b2 except that
we don't know the arrival rate to node23 and insteadwe
usethedepartureratefrom node12.

The remaining burst lost probabilities are calculated
basedon � 2. Burst lossat link 4, i.e, b4 is calculatedsimi-
larly to b2 while b5 is similar to b3. We notethatthereis no
burst losson the�rst andthe last links, sinceeachof these
links is dedicatedto anend-device.

4.2.Generalizationof the Algorithm

We now generalizeour ideasto an OBS pathwith any
numberof links. First,we constructa queueingnetwork so
that eachnoderepresentsthe numberof links that aresi-
multaneouslypossessedby a burst,seeSection3. Next, we
decomposethis queueingnetwork into sub-systemsandwe
denotethenumberof sub-systemsby s. Therearedifferent
waysto decomposethequeueingnetwork but a largenum-
ber of nodesper sub-systemanda large numberof wave-
lengthswill result in an unmanageablenumberof states.
Even for a sub-systemwith 3 nodes,the numberof states
is in the orderof O(W 3). Therefore,a decompositionof
3 nodesper sub-systemwith singlenodeoverlap is a good
�rst choicewhile W is not too large. Note that with this
typeof decompositionif thenumberof nodesin thequeue-
ing network is even, thenthe last sub-systemwill contain
only 2 nodes.This is not a problemsincetheanalysisof a
2-nodesub-systemis identicalto a3-nodesub-system.

For a very largeW a decompositionof 2 nodesper sub-
systemwith single nodeoverlap is a better choice. The
numberof statesfor a sub-systemof 2 nodesis in theorder
of O(W 2) andthereforeOBSnetworkswith muchgreater
numberof wavelengthscanbeanalyzed.

The generalizedalgorithm is outlined in Algorithm 1.
Notethat thesuperscriptrefersto the iterationnumberand
the convergencecondition is met when the steady-state
probabilitiesconverge, i.e, j� ( i )

j � � ( i � 1)
j j < � , 1 � j � s

and� = 10� 6. Oncethesteady-stateprobabilityvectors� j ,
1 � j � s arecomputed,theburstlossprobabilitiesateach
link canbeobtained.

5. Numerical Results

We now presentnumericalresultsfor the cross traf�c
burst lossprobabilityat eachlink of anOBSpathby utiliz-
ing our decompositionalgorithmandwe comparethemto

//Initialization Step;
for j = 1 : s do

if j = 1 then
� (1)

j (n12) = (N � n12)� ;

else
calculate� (1)

j (nj ;j +1 ) basedon � (1)
j � 1;

//solveeach sub-systemindependently;
r (1)

j = 1;

generateQ( i )
j ;

solve for � ( i )
j ;

//IterativeStep;
for i = 2 until convergencedo

for j = 1 : s do
if j 6= 1 then

calculate� ( i )
j (nj ;j +1 ) basedon � ( i )

j � 1;

//get theconditionprobabilitiesfor all
sub-systemsbut thelastone;
if j 6= s then

calculater ( i )
j basedon � ( i � 1)

j +1 ;

generateQ( i )
j ;

solve for � ( i )
j ;

Algorithm 1: Generalizationfor a QueueingNetwork
with Any Numberof Nodes
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simulationresults.Theanalyticalresultsareobtainedusing
Matlabcode,while thesimulationresultsareobtainedwith
a customevent-driven C++ simulator. For eachreported
statistic,we ran the simulation30 times for a suf�ciently
longtimein orderto computethe95%con�denceintervals.
Note,thatthesimulationresultsareplottedalongwith their
con�denceintervals but the con�denceintervals arequite
smallandhardlyvisibleontheplots.Weonly presentafew
speci�c examplesbut we testedour algorithmfor a variety
of inputparametersandwe foundit to have goodaccuracy.

First, we presentresultsfor an OBS pathof 8 links,i.e.
L = 8, which we modelasa tandemqueueingnetwork of
7 lossnodes.Eachlink hasW = 16 wavelengthsandthere
areN = 32 OBS transmittingend-devices,eachmodeled
by anIDLE-ON source.Theintensityof thecrosstraf�c is
variedbasedon thetime spentin theIDLE state,i.e, based
on thevalueof � . ThelocalarrivalsarePoisson-distributed
andtheir averagerateis the sameat eachlink of the OBS
path, i.e, 
 = 0:5. The analyticalresultsareobtainedby
decomposingthequeueingnetwork into 3 sub-systemseach
containing3 nodesandoverlappingby asinglenode.

In Figure7, we plot theburst lossprobabilitybi at each
link i, wherei = 2; 3:::; 7 for variousvaluesof � . Theplot
veri�es thatouranalyticalresultsmatchquitecloselythere-
sultsobtainedthroughsimulation.Thereis aslightly higher
errorat links 4 and6, whoseburstlossprobabilitiesarecal-
culatedat theoverlapnodesbetweenthethreesub-systems.
The slightly highererror is dueto the approximationused
in calculatingthestate-dependentarrivals.

We observe a �ltering effect of the burst lossprobabili-
ties.Thatis, aswe increasetheloadat thefront of theOBS
path, the burst loss probability at link 2 rapidly increases
but thatphenomenondoesnot carryover to theotherlinks
in thepath.Eachlink actsasa �lter becauseit dropssome
of its incomingburstsandthustheloadto thefollowing link
is reduced.In addition,thereis a tendency for theburstloss
probability to slightly increasefrom link 2 to link 7, which
is causedby local arrivals at eachlink. The reasonis that
any local traf�c burst, that is not lost at the link whereit
arrives, is carriedon aspart of the crosstraf�c to the fol-
lowing link. We do not plot the crosstraf�c burst lossat
links 1 and8 becauseit is zero.

For this scenarion,we alsoplot theutilization �= (�W )
of eachlink in Figure8. We observe thatat the lower load
thelink utilizationincreasesfrom link 2 to link 7 becauseof
theaddedlocal arrivals. However, aswe increasethe load,
the utilization of links 5,6 and 7 converges. Onceagain,
that is explainedby thepreviously noted�ltering effect. It
is alsointerestingto notethatat 50%andbelow utilization
theburstlossprobabilityis around0.1.

In Figure 9 we plot the burst loss probabilitiesfor an
OBSpathwith L = 6 links andW = 8 wavelengthsbut this
timetheloadis low to moderate.Again,theaccuracy of our
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Figure 12. Bur st Loss Probability for W=16,
L=8, 
 = 0:5,N=32 and � = 0:5

algorithmis verygoodwith thelargesterrorat link 4,which
is theoverlapnodein theanalyticalsolution.Theutilization
of this scenariois plottedin Figure10. Noteagain, thatat
utilizationbelow 50%,theburstlossis keptbelow 0.15.

In ouralgorithm,weassumestate-dependentarrival rates
to eachsub-system.We show a validationof this assump-
tion in Figure11,wherewehaveplottedthestate-dependent
arrival rates per sub-system. From the �gure, one can
seethat our simulationand analytical resultsmatchvery
closely.

In Figure12 we comparethe simulationresultsfor the
burst lossprobability in the casewhereburstshold only a
wavelengthonasinglelink atatimeto thecasewherebursts
requirea wavelengthon two consecutive links. We keep
all the other input parametersconstant. We observe that
the OBS pathwith burstswhich occupy two wavelengths
on two consecutive links, hasa considerablyhigherburst
lossprobability becauseeachburst requiresmorenetwork
resources.Therefore,in orderto correctlyevaluatetheper-
formanceof an OBS network it is necessaryto determine
whetheror notburstswill spanmultiple links.

6. Conclusions

In this paper, we consideredthe performanceof a path
in an OBS network, whereburstssimultaneouslypossess
wavelengthson two consecutive links. We analyticallyan-
alyzed this OBS path by constructingan open queueing
network with IDLE-ON arrival process. We developeda
decompositionalgorithmandwe calculatedtheend-to-end
burst lossprobabilitiesat eachlink of the OBS path. The
accuracy of our algorithmwasveri�ed by simulation. We
founda�ltering effectonthetraf�c dueto theburstlossesat



eachlink, whichcannotbeaccuratelycapturedin studiesof
asingleOBSnode.Wealsofoundthatat50%or below link
utilization theburstlossprobabilityis only about0.1,how-
ever, thatlossprobabilityrapidly increasesastheutilization
increases.Finally, we found that theburst lossprobability
is muchhigher in the casewhereburstsoccupy two links
at a time to thecasewhereeachburstpossessa wavelength
on singlelink. We arecurrentlyworking on extendingour
algorithmto anOBSnetwork with amix of burststhatspan
asinglelink andburststhatspanmultiple links.
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