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Blocking in All-Optical Networks
AshwinSridharanandKumarN. Sivarajan

Abstract— We presenta new analytical technique,based
on the inclusion–exclusionprinciple fr om combinatorics,
for the analysisof all-optical networks with no wavelength
conversion and random wavelength assignment. We use
this techniqueto proposetwo modelsof low complexity for
analysingnetworks with arbitrary topologiesandtraf�c pat-
terns. The �rst model impr oves the curr ent technique by
Birman [5] in that the complexity of calculation is indepen-
dentof hop-length and scalesonly with the capacity of the
link as against that of [5] which grows exponentially with
hop-length. We then proposea new heuristic to accountfor
wavelength correlation and show that the secondmodel is
accurateevenfor sparsenetworks. Our techniquecanalso
be extendedto analyseFixed Alter nate and Least Loaded
Routing.

I . INTRODUCTION

Wavelengthdivision multiplexing is a promisingtech-
nology which, in conjunctionwith wavelengthrouting,
can make optical networks with hundredsof nodesand
throughputof the orderof Gbs/secper nodepracticalin
the near future. This is becausewavelengthroutedall-
optical networks offer wavelengthreuseand remove the
electro-opticbottleneck. In this work we considercir-
cuit switchedall-opticalnetworkssincethey area natural
outcomeof currentWDM technology[1]. Call requests
arrive at randomand are assigneda free wavelength(if
available) on eachlink of the path they usefor the du-
ration of the call. If the nodeshave wavelengthconver-
sion capability, the call can be assigneddifferent wave-
lengthson eachlink of the path used. In sucha situa-
tion, theall-opticalnetwork reducesto a conventionalcir-
cuit switchednetwork. However, if thenodescannotper-
form wavelengthconversion,thecall mustbeassignedthe
samewavelengthon all thelinks of thepathused.This is
known asthewavelengthcontinuityconstraint andmakes
networkingin theall-opticaldomainsigni�cantly different
from conventionalcircuit switchednetworks. Networks
with wavelengthchangershavealowercall blockingprob-
ability comparedto thosewithoutbecausethey canaccept
a call if a wavelength(which canbe different) is free on
eachlink of thepath,whereasnetworkswithout changers
requirethesamewavelengthto be freeon all the links of
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a pathin orderto honora call. Wavelengthconvertersare
still in theexperimentalstageandarelikely to remainex-
pensive, if implemented.Henceit is importantto quantify
thecall blockingperformanceof opticalnetworkswithout
wavelengthconversionto verify theeffectivenessof wave-
lengthchangers.

Researchhasshown thatthewavelengthcontinuitycon-
straint introducesloadcorrelationbetweenlinks, andthat
theblockingin thenetwork isaffectednotonlyby therout-
ing schemeusedbut alsoby the choiceof a wavelength
assignmentscheme.A boundon the carriedtraf�c in an
arbitrarynetwork by anyRoutingandWavelengthAssign-
mentalgorithm(RWA) algorithmwasderived in [2]. The
boundis however only asymptoticallyachievable. Vari-
ousschemesthatcombinethewavelengthassignmentand
routingproblemhave beenproposedandstudiedthrough
simulationsin theliterature,for example[8], [9] and[14].
Analytical modelsfor the �rst �t wavelengthassignment
schemehave beenproposedin [8]- [10]. They however
useversionsof theover�ow traf�c modelandareapplica-
bleonly whenthenumberof wavelengthsis small(4 to 8).
LeastLoadedRoutinghasbeenstudiedin [13] andFixed
AlternateRoutingin [14]. The readeris referredto [12]
for a review of theseschemesandtheireffectiveness.

Analyticalmodelsfor analyzingtheperformanceof op-
tical networkswith �x edrouting, randomwavelengthas-
signmentand without wavelengthconversionhave been
proposedin [4]-[6]. In [4], Barryetal. proposedananalyt-
ical modelto studytheeffectivenessof wavelengthchang-
ers,takingwavelengthcorrelationinto account.However
themodeldoesnottake into accountthedynamicnatureof
thetraf�c. Themodelproposedby Subramaniumetal. [6]
takesbothdynamictraf�c andwavelengthcorrelationinto
accountandhasbeenshown to beaccurateevenfor sparse
networks like rings. Moreover, themodelhasa moderate
complexity. It is howeverapplicablein thestrictsenseonly
to networkswith uniformtraf�c andregulartopologies.In
caseof irregular topologiesandtraf�c distributions,only
ensembleslike theaveragedegreeof anodeareused.An-
othermodelproposedby Birman [5] usesa reducedload
approximationapproachwith state-dependentarrival rates.
Themodelis shown to begoodfor smallnetworkswhere
multi-link traf�c is notappreciableandis applicableto ar-
bitrary topologiesandtraf�c patterns.It is however com-
putationallyintensive, with thecomplexity growing expo-
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nentiallywith thenumberof hops.It alsoignorestheload
correlationbetweenlinks dueto thecontinuityconstraint.
Henceit is tractableonly for small,densenetworks. The
readeris referredto [11] and [12] for a review of these
analyticalmodels.

Future wide areanetworks are most likely to be all-
opticalnetworkswith tens,if not hundredsof nodes,con-
nectedin anarbitraryfashion.In suchasituation,themod-
els in the currentliteraturewould not applysatisfactorily
to theanalysisof thenetwork in question.Thusourgoalis
two-fold. We requirea techniqueapplicableto arbitrary
topologieswhich is computationallytractable,and also
givesreasonableestimatesof blockingprobabilitiesfor de-
signpurposesandthe analyticalstudyof issueslike ben-
e�ts of wavelengthchangers,alternateroutingandsoon.
With thesegoalsin mindweproposetwo techniquesin this
paperwhich reducethecomplexity of calculationconsid-
erablyandareapplicableto arbitrarytopologiesandtraf�c
patterns.The�rst techniquemakesthesameassumptions
asin [5] andis calledtheIndependenceModel. Estimates
of theblockingprobabilityfrom thismodelarereasonable
whenthe network is denseor end-to-endtraf�c is negli-
gible, but this modeloverestimatessigni�cantly whenthe
multi-hopcallshave appreciabletraf�c andthenetwork is
sparse.In fact,we show thattheestimatesareidenticalto
thoseobtainedin [5], but without thebottleneckof expo-
nentialcomplexity in hop-length.The complexity scales
only with the capacityof the link and is independentof
hop-length.To accountfor wavelengthcorrelationwepro-
poseanothermodelwhich we call, naturally, theCorrela-
tion Model. We show that this modelis accurateevenfor
sparsenetworks.

The restof the paperis organizedasfollows. In Sec-
tion II weoutlinethebasicnetwork andtraf�c assumptions
usedthroughoutthe paper. We presentthe Independence
Model in SectionIII andtheCorrelationModel in Section
IV. We presentour resultsin SectionV andconcludein
SectionVII.

I I . NETWORK AND TRAFFIC MODEL ASSUMPTIONS

In this sectionwe statethe assumptionsaboutthe net-
work andtraf�c thatareusedin ourmodelsfor calculating
the pathblocking probability of an optical network with
no wavelengthchangers.All assumptionsstatedhereare
valid throughoutthepaper.

A. Assumptionsregarding theNetworkandOfferedTraf-
�c

1. The network consistsof
�

links connectedin an arbi-
trary fashion.
2. Eachlink hasthesame� wavelengths

3. Calls for a nodepair � arrive accordingto a Poisson
processwith rate ���

4. The durationof eachcall is exponentiallydistributed
with unit mean.
5. A call canbeaccommodatedonarouteonly if thesame
wavelengthis freeon all thelinks of theselectedroute.If
thereis no suchwavelengthfree, the call is blocked and
lost.
6. Thewavelengthassignedto arouteis chosenrandomly
from thesetof freewavelengths.This assumptionmakes
all wavelengthsidenticalandtheanalysistractable.

B. Traf�c Model

We assumethat the idle wavelengthdistribution on a
link canbedescribedby thestatedependentroutingmodel
�rst proposedby Kelly anddevelopedin [7]. The same
modelis alsousedin [5]. Below, we describethe model
andits assumptions.
Let ��� betherandomvariablerepresentingthenumberof
freewavelengthson route 	 .
Let ��
 betherandomvariablerepresentingthenumberof
freewavelengthson link � . Let
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betheprobabilitythatexactly � wavelengthsarefreeon
link � . Therandomvariables��
 areassumedto be inde-
pendent,thatis




� �!�"�

#

$


&%('






���



�&) (1)

Following [7] we assumethat, given exactly � idle
wavelengthson link � , the time until the next call setup
on � is exponentiallydistributedwith parameter*(
 ����� . It
thenfollows thatthenumberof idle wavelengthson link �

canbemodelledastheoutcomeof a birth-deathprocess.
We thenhave
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Thecall setup rateis a functionof theroutingscheme
used.Weassume�x edroutingin this sectionandthenext
two sectionsalso.This meansthateachnode-pairhasex-
actlyonepre-determinedroute.If anarriving call doesnot
�nd a freewavelengthon this route,it is blockedandlost.
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For �x edrouting thecall setupratewhenthereareex-
actly � idle wavelengthson link � , * 
 ����� is obtainedby
combiningthe contributions from all the requeststreams
thathave link � astheirmember. Thisexpressionwas�rst
obtainedfor anall-opticalnetwork in [5].
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 ����� � 5 if � ��5
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Typically, in a network, the blocking probabilitiesand
arrival ratesto a link arecoupledto eachotherby thefact
that theblockingdeterminesthetraf�c carriedby thenet-
work andthecarriedtraf�c in turn determinesthe block-
ing. This leadsto a setof couplednon-linearequations
whichmustbesolvedto obtaintheblockingprobabilities.
Theusualschemeimplementedin mostanalysesincluding
oursis solutionby iteration.

I I I . THE INDEPENDENCE MODEL

In this sectionwe presenta techniquefor calculating
the blocking probability alonga pathusing the link dis-
tributions. The probability that a call traversinga route

	 consistingof a singlelink � (say)is blocked is simply
givenby 


� �
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whichis theprobabilitythatthereis noidle wavelengthon
link � . In order to calculatethe blocking probability for
a multi-hoppathwe introducethefollowing randomvari-
able:
Let ����� 
 betherandomvariabledenotingthestateof wave-
length � on link � . De�ne

����� 

� 5

� if wavelength� is freeon link � ,

����� 

�

,�� if wavelength� is usedon link � .

From the assumptionof randomwavelengthassignment,
we thenhave that the the probability that a �xed setof �

wavelengthsis freeonsomelink � is
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Note thatsincethewavelengthsareidenticalby virtue of
theassumptionof randomassignment,all setsof � wave-
lengthsareequallylikely to befree.

Denoteby
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theprobability thata �x edsetof � wavelengthsis freeon
link � .

Now, the probability that a multi hop-route 	 (say)
is blocked is the probability that thereis no wavelength
which is freeonall thelinks usedby 	 . Wehave
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For notational convenience we describe in detail the
methodof calculationof !

�

�

for a two link pathconsist-
ing of links & and




. Themethodis readilygeneralized
for pathswith higherhop-lengths.For thetwo link path
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Usingtheassumptionthatthesetsof wavelengthson links
areindependent(1), wehave
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The methoddescribedabove immediatelygeneralizesto
higherhop lengths.Theprobability thata call is blocked
ona + –hoproute 	 is givenby
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A. Calculationof StateDependentArrival Rates

Thearrival rateof a requeststreamfrom route 	 to link
� , given that thereare � wavelengthsfree on link � , is
givenby (4) as

*

�




����� � 5 if m=0

� � � )

���

� ��� � 5 	 ��
 �����

� � ,�� 4 � ) ) ) �&�

where

*3
 �������

:




�


�� �

*

�




�����&)

If the routeconsistsof a single link then the probability
termis clearly1 for �

�
��5 . Thetermfor amulti-hoppath

maybecalculatedasfollows.
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 �8��� is the conditionalprobability that a
�xed setof � wavelengthsis freeon theroute 	 givenex-
actly � wavelengthsarefreeon link � . It maybe calcu-
latedas
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Note that the summationin (11) runsonly up to � since
� is an upperboundon the numberof free wavelengths
on thepath.

B. Algorithmfor ComputationofBlockingProbabilitiesin
thenetwork

As mentionedin SectionII, we needto solve a setof
non-linearcoupledequationsto obtaintheblockingprob-
abilities. Thoughwe have not beenable to prove that a
�x edpointexistsfor thissystemof coupledequations(and
if it doeswhetherit is unique),in practicethe methodof
solutionby repeatedsubstitutionconvergesin a few itera-
tions for a varietyof topologies.Themethodof repeated
substitutionto solve for theblockingprobabilitiesmaybe
implementedasfollows:
Let




� betheprobabilitythatacall for route 	 is blocked.
1. For all routes	 initialize �
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2. Determinethe idle capacitydistribution of all links




 (.), � � ,�� ) ) ) �

�

using(2) and(3).
3. Calculate
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5. Calculate




� for all routesusing(5) if it is asinglelink
and(8) and(9) and(10) for amulti-hoppath.
If 	�
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� andgo to step2.

IV. THE CORRELATION MODEL

As will beshown in SectionV theIndependencemodel
presentedin the previous sectiongives good resultsfor
densenetworks but overestimatesthe blocking probabil-
ity signi�cantly for sparsenetworkslike rings. This is be-
causeit doesnot accountfor load correlationintroduced
by thewavelengthcontinuityconstraintbetweenadjacent
links. That is, it assumesthat setsof wavelengthson ad-
jacentlinks areindependent,which is not a goodassump-
tion whenthe network is sparse([4], [6]). In sparsenet-
workslikerings,thenumberof choicesfor arouteis small.
Hencecallstendto staytogetherover a longersetof links
leadingto increasedcorrelationsincethey usethe same
wavelengthonall thelinks.

In this sectionwe extend the Independencemodel to
take this correlationinto account.The tradeoff for accu-
racy however, aswill beshown later, is that thecomplex-
ity of calculationincreases.But we will seethat it is still
muchlessthanthatof themodelin [5].

The network and traf�c assumptionsmadein Section
II remainthe same.All the notationsandvariablesused
in theprevioussectionretaintheir original meanings.We
alsoassumethat theparameters

�

��� 
 maybecalculatedas
before,using(6). Thepointof departurefrom theprevious
modelis thatwenolongermaketheassumptionof uncon-
ditional wavelengthindependencemadepreviously while
calculatingtheblockingon a multi-hoppath 	 . Through-
out this analysiswe assumethat the links on a routeare
orderedandthedirectionof acall is �x edapriori.

To caterfor link correlationwe make a setof assump-
tionsasdescribedbelow:� A1. Thestateof awavelength� on link � is independent
of thestateof someotherwavelength� onlink � + , , given
thestateof thesamewavelength� onlink � + , , or thestate
of wavelength� on thesamelink � . More formally,
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� A2. Onagivenroute,thestateof awavelengthona link
� is independentof the stateof the samewavelengthon
previousor successive links of theroute,giventhestateof



5

thewavelengthon link � +-, . More formally
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Theprobabilityof blockingonamulti-hoproute	 isgiven
asbeforeby
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We now departfrom thetechniquein theprevioussec-

tion in thatwederive anew expressionfor calculating!
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For clarity of expositionwe �rst derive theexpressionfor
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on a two link path. We shall thenextendit for higher
hop-lengthpaths. Considera two link path 	 (say)over
links & and
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Usingthechainruleandassumption(A1) thismaybesim-
pli�ed to
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sdonot dependon thewavelengthin-
dex � sinceall wavelengthsareidentical.Also de�ne
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Observe that � ��� 
 is the conditionalprobability of wave-
length � beingfreegiventhat � +�, otherwavelengthsare
free,i.e.,
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Theabove de�ned termsalongwith assumption(A1) and
Bayesruleallows usto write, aftersomemanipulation:
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Substituting(17) in (13)yields
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A. Estimationof theCorrelationCoef�cients

We have introducedtwo new parameters� ���	�
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which characterizethe load correlationbetween
two adjacentlinks. Thesamecorrelationcoef�cients were
�rst obtainedin [4] andderivedagainin [15]. Wenow pro-
posea methodto calculatethesecoef�cients for arbitrary
topologiesandundergeneraltraf�c patterns.
Let �
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 �� betheprobabilitythatasessionoccupying wave-
length � on link � doesnotcontinueto link �

1
, .

Let �

� 
 �� betheprobabilitythatanew call arrivesonwave-
length � at link � . A new call on � is onewhich doesnot
passthroughlink ��+-, . Then
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This maybeexplainedasfollows. ���
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is theproba-
bility thatwavelength� is freeonlink � giventhatit is free
on link � +0, . This is simply theprobability thatno new
call arriveson wavelength� on link � whichby de�nition
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probabilitythatwavelength� is usedon � + , by asession
thatdoesnotcontinueto link � andthatnonew call arrives
onwavelength� on link � which is �
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is theaveragearrival rateof traf�c to link � , and
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is the rateof acceptedtraf�c which passesthroughlink �

but doesnot passthroughlink � .
Thus,wemodel �

� 
 �� astheratioof arrival rateof traf�c to
link � thatdoesnotcontinueto link � 1 , to thetotal traf�c
arriving at link � which is a reasonableapproximation.
We calculate�
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 �� as follows. Let � 
 be the probability
thatawavelengthis busyon link � , i.e., � 
 is ameasureof
wavelengthutilizationof link � . Then
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Hence�

� 
 �� is theprobabilitythatthewavelengthis in use
onlink j andthesessionusingit is onethatarriveswithout
passingthroughlink ��+-, , i.e.,anew session.
Substitutingfor � ���	�


�� 


@

'

and � � ' �

�� 


@

'

from (19) and(20), the
expressionfor !

�

�

maybewrittenas

!

�

�

�

�

$

�
%('

� �
� '

� �
� '

1!�

� ' ��
�

, +

� �
� '

�

�

��� (
) (26)

Observethatif weput �

� ' �� =1(negligible two-link traf�c),
!

�

�

reducesto theexpressionobtainedin theIndependence
modelpresentedin the previous sectionwhich is correct.
Again, if �

� ' �� 	
5 , (negligible singlelink traf�c) theex-

pressionreducesto
�

��� ( , which is alsocorrect.Hencewe
expect the CorrelationModel to performwell underdif-
ferentpatternsof traf�c, anobservationcon�rmed in Sec-
tion V. Also observe thatthe�nal expressionfor !

�

�

after
substitutingfor � ���	�


�� 


@

'

and � � ' �

�� 


@

'

is independentof �

� 
 �� !
This comesaboutbecausewe make the assumptionthat
theprobabilitythata new call arriveson wavelength� on
link � is independentof thestateof thewavelengthon link

��+-, , thatis, �

� 
 �� is independentof �

� 
 �� .
Theexpressionfor blockingprobabilitycannow beeas-

ily generalizedto higherhop paths.For symbolicconve-
nience,let thelinks on thepathbenumbered,��

4
�

) ) )
��+ .

Only theexpressionfor !

�

�

needsto bemodi�ed. This is
doneasfollows. We make useof assumption(A2) to di-
vide thepathinto two link subsectionsandproceedasbe-
fore for eachtwo link subsectionto obtaintheprobability

of blockingonamulti-hoppathas

���

� ��� ��5 � � , +

���

� ��� � 5 � (27)

and
���

� � � � 5 � �
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�

(28)

where
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1!�
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�

�

���



) (29)

B. Calculationof StateDependentArrival Rates

Recall from SectionII, that in order to calculatestate
dependentarrival rates,we needto calculatetheprobabil-
ities

���

� ����� 5 	 ��
 ����� �

;

:

� %('

� +�, �

�

@

' "

�

� $

!

�

�

� ��
 �����

(30)
where !

�

�

�
�


 �8��� is the conditionalprobability that a
setof � wavelengthsis freeontheroute 	 givenexactly �

wavelengthsarefreeon link � . Wecalculatethis by split-
ting thepathinto threeindependentsubsections,thepath
consistingof links before� , link � , andthepathconsisting
of links after � .
Then,!

�

�

�
��


����� is modi�ed to

!

�

�

�
��


� ��� �
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����
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����
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;
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� �

if �
�

+
) (31)

whereall symbolsretaintheirusualmeaning.
Note that thesummationin (30) runsonly up to � be-

cause� is an upperboundon the numberof free wave-
lengthson thepath. Thealgorithmfor calculatingblock-
ing in a network usingtheCorrelationModel is similar to
thatgivenin theprevioussectionandhenceweomit it. We
notethattheCorrelationModel is directionalandmaynot
yield thesameresultsif we proceedalongthepathin the
oppositedirection. To reducethis effect, we assumethat
half the traf�c on a route is offered in onedirectionand
half in theother. We thencalculatetheblockingprobabil-
ities for thepathin eachdirectionandtake theaverageof
thetwo blockingprobabilities.
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V. RESULTS AND NUMERICAL COMPUTATION

In this sectionwe analysethe complexity of the tech-
niquespresentedin thiswork andalsoexaminetheiraccu-
racy by applyingthemto varioustopologiesunderdiffer-
enttraf�c patterns.

A. Complexity

Oneof themainaimsof this paperwasto proposeana-
lytical modelswith reducedcomplexity to enablethestudy
of largenetworks.Wenow studythecomplexity of thevar-
ious techniquespresentedin this paperandalsocompare
themagainstthosepresentedin [5].

The computationalrequirementsof the Independence
modelare � �

�

�

�

� for calculationof the
�

s(6) and � � � �

for calculationof pathblocking. Note that the complex-
ity of calculationis independentof hop length. More-
over, the � �

�

�

�

� for calculationof
�

canbe reducedto
� � �

�

� by parallel computation. The computationalre-
quirementsfor theCorrelationmodelarethesameasthose
of the IndependenceModel for thecalculationof

�

s and
� � 4

+ �
��1 � �

�
� for path blocking calculationssince

we arecomputingblocking for a pathin both directions.
Thoughnolongerindependentof hoplength,thecomplex-
ity requirementsarestill considerablylessthanthoseof [5]
and[6].

The complexity of computationof route blocking for
thetechniquepresentedin [5] is � �

�



� for �x edrouting,

which limits its applicabilityto smalldensenetworks.We
highlight this computationaladvantageby presentingre-
sultsof time taken for computationfor two networks, the
6-nodering andthe21-nodeARPA-2 network, in TableI.
All computationsweredoneon a SunUltra SPARC sys-
temrunningat 150MHz andtheloadwaschosenthrough
simulationssuchthattheaveragenetwork blockingproba-
bility was 5 )

,�� . Themaximumhop-lengthwaslimited to
3 in the 6-nodering, and4 for the ARPA-2 network. As
canbeseenfrom theresults,theIndependenceandCorre-
lationModelsarefarsuperiorto thatof [5] in termsof time
complexity. Although,notexplicitly evident,theIndepen-
dencemodelgivesexactlythesameresultsasthemodelin
[5]. This is becausebothmodelsmake thesameassump-
tions, andcalculatethe numberof free wavelengthscor-
rectly, albeitin differentways,undertheseassumptions.

B. NumericalResults

We now presentresultsof bothour techniquesfor a va-
riety of topologiesandcomparethemagainstsimulations
to studytheiraccuracy.

For �x ed routing, 4 topologieswerechosen,a 6-node
ring, a 12-nodering, a 13-nodeMeshnetwork (Figure1),

Birman's Indepe- Corr-
Network Model -ndence -elation

(secs) (secs) (secs)

Ring, � ��� 3.89 0.06 0.18

Ring, � � ,�� 69.72 0.29 0.84

ARPA-2, � ��� 263.02 0.29 3.46

ARPA-2, � � ,�� 2.02� , 5
	 1.73 6.52

TABLE I
TIME COMPLEXITY OF THE THREE MODELS FOR THE

ARPA-2 AND 6–NODE RING NETWORK . ALL TIMES ARE IN

SECONDS, AND � REFERS TO THE CAPACITY OF EACH LINK .

and the 21-nodeARPA-2 network (Figure 2). The ring
networks werechosento studythe ef�cacy of our meth-
odswhenappliedto sparsenetworks, and the Meshand
ARPA-2 werechosenasexamplesof two arbitrarytopolo-
gies. Calculationsare shown for 32 wavelengths. The
maximumhop length was restrictedto 3 for the 6-node
ring, 6 for the 12-nodering, and5 for the 13-nodeMesh
andthe21-nodeARPA-2 network. Thenumberof routes
consideredare 18 in the 6-nodering, 72 in the 12-node
ring, 73 in theMeshnetwork, and76 routesin theARPA-
2 network. Theaccuracy of our modelswerestudiedun-
derthreedifferenttraf�c patterns.They canbecompactly
writtenby theequation

� 

�






@

'

)

�
' (32)

where
�

� is the traf�c on a � -hoppath. Threevaluesof 


werechosen:� 


�
,

) 5 : Uniform Traf�c,� 


� 5 )�
 : Traf�c dominatedby smallerhoproutes(low
correlation),and� 


�
,

)�
 : Traf�c dominatedby largerhoproutes(signif-
icantcorrelation).

For simulations,4,00,000callsweretakenin eachbatch
and20 batcheswere run for eachload. The datapoints
reportedarethemidpointsof the95%con�denceintervals.
Whenusingtheiterative algorithmfor analysis,iterations
werestoppedwhenblockingestimatesin successive steps
differedby lessthan � �

,
5

@

�
.

We now discussour resultsfor eachtraf�c patternand
network. Due to lack of space,we show resultsof the
uniformtraf�c patternonly for themesh,ARPA-2 and12-
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nodering with 32 wavelengths,and resultsof the non -
uniform patterns( 


� 5 )�
 , and 


� , )�
 ) only for the12-
nodering andtheARPA-2 Networks for 32 wavelengths.
However, resultsfor othernetworks andwavelengthsun-
der thesetraf�c patternsaresimilar andthe observations
wemake arevalid for themalso.

For the ARPA-2 network (Figure3) aswell as for the
13-nodeMesh network (Figure 6) we observe that the
IndependenceModel gives reasonableestimatesfor the
blockingprobabilityunderuniform traf�c ( 


� , ) 5 ) since
thenetworksarewell connected.Theestimatesobviously
improve when the multi-link traf�c is less( 


� 5 )�
 ) as
shown for theARPA-2 network in Figure4 becauseof re-
ducedcorrelation. However, when correlationincreases
( 


� , )�
 ), theresultsof theIndependencemodeldegrade
for theARPA-2 network (Figure5) indicatingthattheap-
proximationthatsetsof wavelengthsonadjacentlinks are
independentis no longer a good one. The Correlation
Model is seento give fairly good resultsfor both these
topologiesunderall traf�c conditionsascanbe expected
from theoriginal formulation.

Resultsof the12-nodering network accentuatethisdif-
ferencein the Correlationand the Independencemodels
in handling wavelengthcorrelation. The Independence
model overestimatesthe blocking for the 12-nodering
(Figure7).Theresultsimproveonly marginally for the12-
nodering undernon-uniformtraf�c with reducedcorre-
lation ( 


� 5 )�
 ) (Figure8) and the estimatesareoff by
morethantwo ordersof magnitudewhenthe correlation
increases( 


�
,

)�
 ) (Figure9) con�rming resultsof previ-
ousresearchersthatsparsenetworks introducesigni�cant
wavelengthcorrelation. The accuracy of the Correlation
Model in handlingthis correlationis con�rmed by appli-
cationto suchnetworks.Underall traf�c patternsfor both
the ring networks it is seento give reasonableestimates.
We henceconcludethat the IndependenceModel gives
fair estimatesfor topologieswhicharewell connectedand
have traf�c patternsthat resultin low to mediumcorrela-
tion, while theCorrelationModel maybeusedon a wide
varietyof networksevenwhenconnectivity is sparseand
traf�c patternsinducelargecorrelation.

VI. FIXED ALTERNATE AND LEAST LOADED

ROUTING

We have extendedthe IndependenceModel to analyse
the Fixed Alternateand LeastLoadedRoutingschemes.
However, wedo not presentthetheoryheredueto lackof
spacebut insteadshow twoplotsfor theseschemes.In Fig-
ure10wehave plottedtheresultsfor the6-nodering with
16wavelengthsandFixedAlternateRoutingfor areserva-

tion parameter1 of � � 5 andobserve that the resultsare
reasonablyaccuratefor analyticalpurposes.In Figure11
we have plottedresultsfor a 4-nodefully connectednet-
work with 16 wavelengthsandLeastLoadedRoutingfor
a reservation parameterof � � 4 . Again it is seenthat
theresultsarefairly accurate.We arestill researchingthe
problemof estimatingthe correlationcoef�cients for the
CorrelationModel undertheseschemesandhencedo not
show any plotsfor it.

The computation requirementsfor Fixed Alternate
Routingare � � � 	��

�

� 1 � �

�

�"	�� � where � is the to-
tal numberof nodepairsand 	 is theaveragenumberof
routesfor eachnodepair. Thisassumesthatcomputations
aredoneusingtheIndependenceModel. Thecomputation
requirementsfor LeastLoadedRoutingaresimilarto those
of [5] becauseonly two hopswereconsidered,although
our analysiscanclearly be extendedto larger numberof
hopswithoutworseningthecomplexity.

VII . CONCLUSIONS

We have proposedtwo analytical techniquesof low
complexity, the IndependenceModel andthe Correlation
Model, for thestudyof wavelengthroutednetworkswith
arbitrarytopologyandtraf�c patterns.Throughcomputa-
tions we have shown that the IndependenceModel gives
goodestimateswhenthenetwork is well connectedwhile
theCorrelationModel is accuratefor bothsparseandwell
connectednetworks under �x ed routing. We have also
shown, by analysingtheir complexity andthroughnumer-
ical computation,that thesetechniqueshave low compu-
tationalrequirementsandaresuitablefor analysisof large
networks. The IndependenceModel in particular, hasa
complexity which is independentof hop-length.Also, it
givesthesameestimatesasthemodelin [5], without suf-
fering from theexponentialcomputationbottleneck.The
CorrelationModel also has low computationalcost, but
is however not insensitive to the direction in which we
proceedalong a route when we computethe blocking
probabilityandmayleadto incorrectresultsunderhighly
skewed traf�c patterns. We have also extendedthe In-
dependenceModel to studyFixed AlternateRoutingand
LeastLoadedRoutingandfound it to give reasonablere-
sults,thoughmoreexperimentsarerequiredto thoroughly
analyseits ef�cacy.

A possiblebottleneckin ourtechniquesis thatof round-
off errors. In the inclusion-exclusion equation(9), the
combinatorialtermbecomesextremelyhugefor largeca-
pacities( � ��� wavelengths)andwhenmultiplied by the

�
A reservationparameterof � signi®esthata routemusthaveat least

����� freewavelengthsif it is to beusedasanalternateroutefor acall.



9

probabilitytermcanintroducesigni�cant round-off errors
if theblockingprobabilitiesaresmall ( � , 5

@

�
). This re-

sultsin blockingprobabilitiesthatarenegative or greater
than1. Hencewe feel thatcautionmustbeusedwhenus-
ing this techniquefor analysingnetworkswith very large
capacitiesat very low blocking probabilities. However
currentnetworks have a capacityof around30-40wave-
lengthsandwe feel that our techniquesareadequatefor
analysingthem. A possibleheuristicfor skirting the er-
rors is to settheoffendingprobabilitiesto zerosincethey
would beextremelysmall in the�rst placeto have caused
sucherrors.Thismayresultin theiterativeprocedurefail-
ing to convergeandcanbeavoidedby reducingthemargin
of error. Wehaveappliedthistechniquewith somesuccess
andshow theresultsfor theARPA-2 network in Figure12
with 64wavelengthsand�x edrouting.Theiterationswere
stoppedwhen the blocking estimatesin successive steps
differedby lessthan , 5

@

	 . As canbeseenfrom Figure12,
theresultsarereasonablyaccurate.

Several extensionsto our work are possible. An im-
mediatepossibility is to extendour techniqueto include
limited-wavelengthconversion. Further, techniquesare
requiredwhich cangive accurateestimatesfor networks
with �rst �t wavelengthassignmentwhenthe numberof
wavelengthsis large. This is especiallyimportant,since
for large capacities,the �rst �t would yield muchbetter
throughputat low blocking than randomwavelengthas-
signment.Anotherpossibledirectionis to develop more
accurateheuristics,or evenbetter, correctexpressionsfor
wavelengthcorrelationbetweenadjacentlinks whichis in-
sensitive to the directionin which we tracea routewhile
calculatingblockingprobabilities.
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Fig. 1. A 13-node18-link meshnetwork

Fig. 2. The21-node26-link ARPA-2 network
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Fig.3. Plotshowingaverageblockingprobabilityof theARPA-
2 network for C=32anduniformtraf®c
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Fig.4. Plotshowingaverageblockingprobabilityof theARPA-
2 network for C=32andnonuniformtraf®c ( ������� � )
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Fig.5. Plotshowingaverageblockingprobabilityof theARPA-
2 network for C=32andnonuniformtraf®c ( ���	�
� � )
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Fig. 6. Plot showing averageblocking probability of the 13–
nodemeshnetwork for �	����
 anduniformtraf®c
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Fig. 7. Plot showing averageblocking probability of the 12-
nodering network for � � �

 anduniformtraf®c
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Fig. 8. Plot showing averageblocking probability of the 12-
nodering network for � � ��
 andnonuniformtraf®c ( � �
��� � )
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Fig. 9. Plot showing averageblocking probability of the 12-
nodering network for � � ��
 andnonuniformtraf®c ( � �
�
� � )
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Fig. 10. Plot showing averageblocking probability of the 6-
nodering network for � �	� �

, andFixedAlternateRouting
( � ��� )
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Fig. 11. Plot showing averageblockingprobabilityof a 4-node
fully connectednetwork for � � � �

, uniform traf®c and
LeastLoadedRouting( ��� 
 )

260 280 300 320 340 360 380 400 420 440 460
10

-4

10
-3

10
-2

10
-1

Total Load in Erlangs

A
ve

ra
ge

 B
lo

ck
in

g 
P

ro
ba

bi
lit

y

Blocking in the 21 Node ARPA-2 Network

q=1.0

C=64

Correlation Model
Simulation       

Fig. 12. Blocking in theARPA-2 network with C=64anduni-
form traf®c


