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Abstract— We presentan analytical techniqueof very low com-
plexity, using the inclusion-exclusionprinciple of combinatorics,
for the performance evaluation of all-optical, wavelength divi-
sion multiplexed networks with no wavelength conversion. The
technique is a generalized reduced-loadapproximation scheme
which is applicable to arbitrary topologiesand traf�c patterns.
One of the main issuesin computing blocking probabilities in all-
optical networks is the signi�cant link load correlation intr oduced
by the wavelength continuity constraint. One of the models we
proposetakesthis into accountand givesgoodresultseven under
conditions with high link load correlation. Thr ough numerous
experimentswe show that our modelscan be usedto obtain fast
and accurate estimates of blocking probabilities in all-optical
networks and scalewell with the path length and capacity of the
network. We also extend one of our models to take into account
alternate routing, in the form of Fixed Alter nate Routing and
Least Loaded Routing.

I . INTRODUCTION

Wavelengthdivision multiplexing is a promisingtechnology
which, in conjunction with wavelength routing, is making
optical networks with hundredsof nodesand throughputof
the order of Gbs/secper node practical. This is because
wavelengthroutedall- optical networks, in conjunctionwith
WDM, offer wavelengthreuseand remove the electro-optic
bottleneck. In this work we consider circuit switched all-
optical networks sincethey are a naturaloutcomeof current
WDM technology[13]. Circuit (or lightpath) requestsarrive
at randomand are assigneda free wavelength(if available)
on each link of the path they use for the duration of the
request.A common metric of performancein conventional
circuit-switchednetworks is thecall blocking probability, that
is, the probability that a call cannotbe accepted.Telephony
networks set up and tear down voice circuits over the order
of minutes which makes blocking probability an important
metric. In all-optical networks, lightpathscarry dataat speeds
of Gb/s and are set up or torn down over the order of
weeksor monthswhich is a muchlarger time scale.However,
blockingprobabilitycanstill bea reasonablemetricfor optical
networks. This is becausewith growing traf�c, lightpaths
in the US and Europe are being leasedfor varying time
durations.Hencea wavelengthis increasinglybeing viewed
asa circuit. Thereis alsoa thrustby equipmentvendorsand
service providers in developing standardssuch as GMPLS
[3] which would enableclient IP routersto requestand tear
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down lightpathsin theoptical corebackbone.In this scenario,
wavelengthsarevery similar to circuits.More importantly, the
blocking model is still applicableover the order of holding
times (thoughit now takes longer to reachsteadystate)and
blocking probability computationscan be usedto dimension
network and link capacitieswhile taking into account the
dynamicsof lightpath requests.Theseobservations suggest
that blocking probability is still a useful metric in analysing
the performanceof optical networks.

In thecontext of assigninga wavelengthto the lightpathre-
quest,the two differentfunctionalaspectsof wavelengthrout-
ing comeinto play. If the nodeshave wavelengthconversion
capability, the requestcan be assigneddifferent wavelengths
on each link of the path used.In such a situation, the all-
opticalnetwork reducesto astandardcircuit switchednetwork.
However, if the nodescannotdo wavelengthconversion,the
requestmustbeassignedthesamewavelengthon all thelinks
of the pathused.This is known as the wavelengthcontinuity
constraint and makes networking in the all-optical domain
signi�cantly different from conventionalcircuit switchednet-
works. Clearly, networks with wavelength changershave a
lower blockingprobabilitycomparedto thosewithout because
they only requiresomewavelength(which canbedifferent)to
be free on eachlink of the path, whereasnetworks without
changersrequire the same wavelengthto be free on all the
links of a path in order to honor a request.Henceit would
be desirableto have wavelengthconverterson every nodein
a network. However, wavelength converters are still in the
experimentalstageand are likely to remain very expensive,
if implemented.Hence it is important to quantify the call
blockingperformanceof opticalnetworkswithout wavelength
conversion.

Researchhas shown that the wavelengthcontinuity con-
straint introducesload correlationbetweenlinks, andthat the
blocking in the network is affectedby the type of wavelength
assignmentand routing schemeused.Models for the �rst �t
wavelengthassignmentschemehave beenproposedin [6]-[8].
They however useversionsof the over�ow traf�c model and
areapplicableonly whenthenumberof wavelengthsaresmall.
Variousschemesthatcombinethewavelengthassignmentand
routingproblemhave beenproposedandstudied,[2], [5], [8],
[11] and[10] beinga few in our notice.Thereaderis referred
to [7] for a review of theseschemesand their effectiveness.
A boundon the carriedtraf�c in an arbitrarynetwork by any
RWA algorithm was derived in [14]. The bound is however
only asymptoticallyachievable.

Analytical models for analyzing the performanceof op-
tical networks with random wavelength assignmentand no
wavelength changershave been proposedin [1], [2], [16],
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[19],[20], and[18]. In [1], Barry et al. proposedan analytical
model to studythe effectivenessof wavelengthchangers,tak-
ing wavelengthcorrelationinto account.However the model
doesnot take into accountthe dynamicnatureof the traf�c.
The model proposedby Subramaniumet al. [16] takes both
dynamic traf�c and wavelengthcorrelationinto accountand
hasbeenshown to be accurateeven for sparsenetworks like
rings. Moreover, the model hasa moderatecomplexity. It is
however applicablein the strict senseonly to networks with
uniform traf�c and regular topologies.In caseof irregular
topologiesand traf�c distributions,only ensemblesare used.
Another model proposedby Birman [2] usesa reducedload
approximationapproachalong with state-dependentarrival
rates.The model is shown to be good for small networks
where multi-link traf�c is not appreciableand is applicable
to arbitrary topologiesand traf�c patterns.The model has
also beenextendedto incorporateFixed Alternateand Least
Loaded Routing. It is however computationintensive, with
the complexity growing exponentially with the number of
hops and does not take load correlation introducedby the
wavelengthcontinuity constraint into account. Hence it is
tractableonly for small densenetworks. A model proposed
in [19] by Zhu et al. and further developed in [20] and
[18] usesa modi�ed time reversibleMarkov chainto account
for link correlation.The model is accurateand applicableto
arbitrary topologiesand traf�c patterns.However, the models
we develop in this paperaresimplerwith lower computation
overheadwhile still yielding goodquality results.The reader
is referred to [12] and [7] for a review of theseanalytical
models.

Futurewide areanetworks aremost likely to be all-optical
networks with tens, if not hundredsof nodes,connectedin
an arbitrary fashion with a large number of wavelengths
per �ber. Hencewe require a techniqueapplicableto arbi-
trary topologieswhich is computationallytractable,and also
givesreasonableestimatesof blockingprobabilitiesfor design
purposesand the analytical study of issueslike bene�ts of
wavelengthchangers,alternaterouting etc. With this goal in
mind we proposetwo techniquesin this paperwhich have
a very low complexity of calculationand are applicableto
arbitrarytopologiesandtraf�c patterns.Themodelsscalevery
well with path length or capacity of a link (in number of
wavelengths)anduseonly simple computationswhile giving
remarkablyaccurateresults.In orderto reducethecomplexity
of computations,we have usedthe inclusion-exclusionprinci-
ple from combinatoricsto obtainsimpleexpressionsfor path
blocking and improve their accuracy by incorporatingsome
simple heuristics.We use the reducedload approximation
scheme([4]) to account for arbitrary traf�c patterns and
topologies.The �rst techniquemakes the link independence
assumptionand is called the IndependenceModel. Estimates
from this modelarereasonablewhenthe network is denseor
end-to-endtraf�c is negligible, but overestimatessigni�cantly
whenthemulti-hop lightpathshave appreciabletraf�c andthe
network is sparse.In fact, we show that the estimatesare
sameas thoseobtainedin [2], but without the bottleneckof
exponentialcomplexity (the complexity scalespolynomially
only with thecapacityof the link). To accountfor wavelength

correlationwe proposeanothermodelwhichwecall, naturally,
the Correlation Model. We show that this model is accurate
even for sparsenetworks which have signi�cant link load
correlation.We then extend both modelsin order to analyse
Fixed AlternateRoutingandLeastLoadedRouting.

The rest of the paper is organizedas follows. In Section
II we outline the basicnetwork and traf�c assumptionsused
throughoutthe paper. We presentthe IndependenceModel in
SectionIII andthe CorrelationModel in SectionIV. We then
use them to analyzethe Fixed AlternateRouting schemein
SectionV andLeastLoadedRoutingin SectionVI. Wepresent
our resultsin SectionVII andconcludein SectionVIII.

I I . NETWORK AND TRAFFIC MODEL ASSUMPTIONS

In this sectionwe statethe assumptionsaboutthe network
and traf�c that areusedin the model for calculatingthe path
blockingprobabilityof anopticalnetwork with no wavelength
changers.All assumptionsstatedherearevalid throughoutthe
paper.

A. Assumptionsregarding the Networkand Offered Traf�c

1) Thenetwork consistsof J links connectedin anarbitrary
fashion.

2) Eachlink hasthe sameC wavelengths
3) Calls for a node pair S arrive accordingto a Poisson

with rate � S

4) The duration of each call is exponentially distributed
with unit mean.

5) A call canbeaccommodatedon a routeonly if thesame
wavelengthis free on all the routes.That is, we assume
that the optical network doesnot have anywavelength
changers.

6) The wavelengthassignedto a routeis chosenrandomly
from thesetof freewavelengths.Thisassumptionmakes
all wavelengthsidenticaland the analysistractable.

7) We assumethatwavelengthoccupancy ondisjoint routes
are independentof eachother.

We now justify some of our assumptions.As mentioned
previously, thepracticalutility of blockingprobabilitycompu-
tationslies in usingthemto dimensionnetwork/link capacities.
This usually requiresrepeatedblocking probability computa-
tions. Hencewe needa model that is not only accuratebut
fasttoo. Simulationsprovide moreaccurateresultsbut aretoo
time consumingto be of practicalusefor largenetworkswith
largecapacities.In thesamecontext, theimpactof wavelength
assignmentalgorithmson network dimensioningis not signif-
icant . Hencea wavelengthassignmentthat is moreamenable
to analysiswould be bettersuitedthan”superior” wavelength
assignments,like �rst-�t, which areanalyzedthroughsimula-
tions.After thenetwork is dimensioned,onecouldstill usethe
superiorwavelengthassignmentalgorithmsduring operation.
This is thesamereasonwe makeassumptionsaboutthearrival
traf�c pattern and holding times. They make the problem
amenableto analysisandprovide a reasonablygoodestimate
of blockingprobability for network dimensioningeventhough
actualtraf�c may not sharethe samestatisticalproperties.
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B. Traf�c Model

We assumethat the idle wavelengthdistribution on a link
can be describedby the statedependentrouting model �rst
proposedin [9] anddevelopedin [17]. Thesamemodelis also
usedin [2]. Below, we describethemodelandits assumptions.
Let ZR betherandomvariablerepresentingthenumberof free
wavelengthson routeR .
Let X j be the randomvariable representingthe numberof
free wavelengthson link j . Let

qj (m) = Pr f X j = mg

betheprobability thatexactly m wavelengthsarefreeon link
j . The randomvariablesX j are assumedto be independent,
that is

q(m) =
JY

j =1

qj (m j ) (1)

Following [17] we assumethat, given exactly m idle
wavelengthson link j, the time until the next call setupon
j is exponentiallydistributed with parameter� j (m). It then
follows that the numberof idle wavelengthson link j can be
thoughtof asa birth-deathprocess.We thenhave

qj (m) =
C(C � 1):::(C � m + 1)

� j (1)� j (2):::� j (m)
qj (0) (2)

where

qj (0) =
h
1 +

CX

m =1

C(C � 1)::::(C � m + 1)
� j (1)� j (2)::::� j (m)

i � 1
(3)

The call set up rate is a function of the routing scheme
used.We assume�x ed routing in this sectionand the next
two sectionsalso.This meansthat eachnode-pairhasexactly
one pre-determinedroute. If an arriving call doesnot �nd a
free wavelengthon this route, it is blocked and lost.

For �x ed routing the call setupratewhenthereareexactly
m idle wavelengthson link j is obtainedby combining the
contributions from all the requeststreamsthat have link j as
their member. This expressionwas �rst obtainedfor an all-
optical network in [2].

� j (m) = 0 if m = 0

=
X

R:j 2 R

� R Prf ZR > 0 j X j = mg

m = 1; 2; : : : ; C (4)

Typically, in a network, the blocking probabilities and
arrival ratesto a link are coupledto eachother by the fact
that theblockingdeterminesthe traf�c carriedby thenetwork
and the carried traf�c in turn determinesthe blocking. This
leadsto a setof couplednon-linearequationswhich mustbe
solved to obtainthe blocking probabilities.The usualscheme
implementedin most analysesis solution by iteration and is
the oneusedin this papertoo.

I I I . THE INDEPENDENCE MODEL

In this sectionwe presentthe techniquefor calculatingthe
blocking probability along a path from the link distributions.
The probability that a call traversinga route R consistingof
a single link j (say) is blocked is simply given by

BR = qj (0) (5)

which is the probability that there is no idle wavelengthon
link j .

In order to calculatethe blocking probability for a multi-
hop pathwe introducethe following randomvariable:
Let Yi;j be the randomvariabledenotingthe stateof wave-
length i on link j .
De�ne

Yi;j = 0; if wavelengthi is free on link j,

Yi;j = 1; if wavelengthi is usedon link j.

From the assumptionof randomwavelengthassignment,we
then have the probability that a �xed set of i wavelengthsis
free on link j given by

Pr f Y1;j = 0; : : :; Yi;j = 0g =
CX

m = i

qj (m)

� m
i

�

� C
i

� : (6)

This may be seen as follows. Since we assumerandom
wavelengthassignment,givenexactly m wavelengthsarefree,
each of the possibleset of m free wavelengthscan occur

(be chosen)with equalprobability, which is,
�

C
m

� � 1

. Now,

we require that our �xed set of i wavelengthsbe amongthe
set of m free wavelengths.This implies that the remaining
m � i wavelengthsmust be chosenfrom C � i wavelengths,

which can happenin
�

C � i
m � i

�
ways.Hence,the probability

that, given exactly m wavelengthsare free, a �xed set of i
wavelengthsis amongthem,is

�
C � i
m � i

��
C
m

� � 1

On simplifying, this reducesto,
�

m
i

��
C
i

� � 1

.

We denoteby

� i;j = Pr f Yk1 ;j = 0; Yk2 ;j = 0; . . .; Yk i ;j = 0g (7)

the probability that a �x ed set of i wavelengthsis free on
link j . Note that sincethe wavelengthsareidenticalby virtue
of the assumptionof randomassignment,the actualsubscript
kl in Yk l ;j doesnotmatter. All werequireis thatthesetcontain
i wavelengths.In other words, all setsof i wavelengthsare
equally likely to be free.

Now, the probability that a multi hop-route R (say) is
blocked is the probability that there is no wavelengthwhich
is free on all the links usedby R. We have

BR = Prf ZR = 0g = 1 � Pr f ZR > 0g:

Let gi betheprobabilitythata �xed setof i wavelengthsis free
on the route R. Then, from the inclusion-exclusionprinciple
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and the assumptionof random wavelength assignment,it
follows that

Prf ZR > 0g =
CX

i =1

(� 1)i � 1
�

C
j

�
gi :

For notationalconveniencewe describein detail themethod
of calculationof gi for a two link pathconsistingof links A
andB . Themethodis readilygeneralizedfor pathswith higher
hop-lengths.

For the two link path

gi = Prf (Y1;A = 0; Y1;B = 0); (Y2;A = 0; Y2;B =
0); : : : ; (Yi;A = 0; Yi;B = 0)g:

Usingtheassumptionthat thesetsof wavelengthson links are
independent(1), we have

gi = Prf Y1;A = 0; Y2;A = 0; : : : ; Yi;A = 0g: Prf Y1;B =
0; Y2;B = 0; : : : ; Yi;B = 0g;

or, from (7)

gi = � i;A :� i;B :

Themethoddescribedaboveimmediatelygeneralizesto higher
hoplengths.Theprobability thata call is blockedon a H –hop
routeR is given by

BR = Prf ZR = 0g = 1 � Prf ZR > 0g (8)

where

Prf ZR > 0g =
CX

i =1

(� 1)i � 1
�

C
i

�
gi (9)

andgi is given by

gi =
Y

j :j 2 R

� i;j : (10)

A. Calculationof StateDependentArrival Rates

The otherpart of the blocking computationis to derive the
arrival rateof traf�c at a link j givenm wavelengthsareidle,
that is � j (m). The arrival rateof a requeststreamfrom route
R to link j, given that therearem wavelengthsfree on link j,
is given by (4) as

� R
j (m) = 0 if m = 0

= � R : Prf ZR > 0 j X j = mg m = 1; 2 : : : C

where

� j (m) =
X

j :j 2 R

� R
j (m):

If the routeconsistsof a single link thenthe probability term
is clearly 1 for m 6= 0. The term for a multi-hop pathmay be
calculatedas follows.

Pr f ZR > 0 j X j = mg =
mX

i =1

(� 1)i � 1
�

C
i

�
gi (X j = m)

(11)

where gi (X j = m) is the conditional probability that a set

of i wavelengthsis free on the route R given exactly m
wavelengthsare free on link j . It may be calculatedas

gi (X j = m) =
Y

k :k2 R;k 6= j

� i;k

� m
i

�

� C
i

� (12)

becausePr f Y1;j = 0; : : :; Yi;j = 0 j X j = mg =

� m
i

�
� C

i

� :

Note that the summationin (11) runsonly up to m sincem
is an upperboundon the numberof free wavelengthson the
path.

B. Algorithmfor Computationof Blocking Probabilitiesin the
network

As mentionedin SectionII, we needto solve a setof non-
linear coupledequationsto obtain the blocking probabilities.
Though it is not clear whethera �x ed point exists for this
system of coupled equations(and if it does whether it is
unique),in practicethemethodof solutionby repeatedsubsti-
tution convergesin a few iterationsfor a varietyof topologies.
The methodof repeatedsubstitutionto solve for the blocking
probabilitiesmay be implementedas follows:

Let BR be theprobability thata call for routeR is blocked
1) For all routesR initialize B̂R to zero.For j = 1; : : : ; J

initialize � j (0) =0 and � j (m) =
P

R:j 2 R
� R , m =

1; : : : C.
2) Determinetheidle capacitydistributionof all links qj (.),

j = 1; : : : ; J using(2) and(3).
3) Calculate� j;m for all links, j = 1; : : : ; J and m =

1; : : : ; C using(6).
4) Calculate� j (.) , j = 1; : : : ; J using(4), (11) and(12)
5) CalculateBR for all routesusing(5) if it is a singlelink

and(8) and(9) and(10) for a multi-hop path.
If maxR j BR � B̂R j< � thenterminate.Elselet B̂R =
BR , go to step2.

IV. THE CORRELATION MODEL

As will be shown in SectionVII the independencemodel
presentedin the previous section gives good results for
densenetworks but overestimatesthe blocking probability
signi�cantly for sparsenetworks like rings. This is because
it does not account for load correlation introducedby the
wavelengthcontinuity constraintbetweenadjacentlinks. That
is, it assumesthat statesof setsof wavelengthson adjacent
links are independent,which is clearly not true when the
network is sparse.In sparsenetworkslike rings,thenumberof
choicesfor a routeis small. Hencecalls tendto stay together
overa longersetof links leadingto increasedcorrelationsince
they usethe samewavelengthon all the links.

In this sectionwe extend the independencemodel to take
this correlation into account. The trade off for accuracy
however is that the complexity of calculationincreases.But
aswill be seen,it is still very amenableto computations.

The network and traf�c assumptionsmade in Section II
remain the same. All the notations and variables used in
the previous sectionretain their original meanings.We also
assumethat the parameters� i;j may be calculatedasbefore,
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using (6). The point of departurefrom the previous model
is that we no longer make the assumptionof unconditional
wavelengthindependencemadepreviously while calculating
the blocking on a multi-hop path R . Insteadwe make a set
of weaker assumptionsasdescribedbelow:

� A1. The stateof a wavelengthi on link j is independent
of the stateof someother wavelengthk on link j � 1,
given the stateof the samewavelengthi on link j � 1,
or the stateof wavelengthk on the samelink j.
More formally,

Yi;j is independentof Yk ;j � 1 k 6=
i given Yk ;j or Yi;j � 1:

The intuition behind our assumptionis as follows. Be-
causeof the wavelength continuity constraint,if there
is signi�cant multi-hop traf�c, the stateof a wavelength
i on some link j is more likely to be affected by the
stateof thesamewavelengthon a previous link thanany
other wavelengthon the previous link. Similarly, if the
amountof multi-hop traf�c is not signi�cant, links can
betreatedindependentlyandthestateof wavelengthi on
a link j is more likely to be affectedby the stateof the
wavelengthson thesamelink j . By combiningthesetwo
caseswe obtain assumptionA1 which tries to cater for
caseswherethereis signi�cant link load correlationand
alsocaseswherelinks canbe treatedindependently.

� A2. On a givenroute,thestateof a wavelengthon a link
j is independentof the stateof the samewavelengthon
previous or successive links of the route,given the state
of the wavelengthon link j � 1. More formally,

Yi;j is independentof Yi;k j 6= k given Yi;j � 1:

AssumptionA2 is basedon the intuitive ideaof locality,
that is, a wavelength on some link j is more likely
to be affected by the stateof the wavelengthon links
neighbouringj than links than are far away. By using
A2, we can compute the blocking of multi-hop paths
iteratively.

Theprobabilityof blockingon a multi-hoprouteR is given
asbeforeby

Prf ZR = 0g = 1 � Prf ZR > 0g

where

Pr f ZR > 0g = Pr f ZR > 0g =
CP

i =1
(� 1)i � 1

�
C
i

�
gi

andthe gi s retain their usualmeaning.
We now departfrom the techniquein the previous Section

in that we derive a new expressionfor calculatinggi .
For clarity of expositionwe shall �rst derive theexpression

for gi on a two link path. The expressionscan be easily
generalizedfor higher hop-lengthpaths.Considera two link
pathR (say)over links A andB . We have

gi = Prf (Y1;A = 0; Y1;B = 0); : : :

(Y2;A = 0; Y2;B = 0); (Yi;A = 0; Yi;B = 0)g:

Using the chain rule and assumption(A1) this may be
simpli�ed to

gi = Prf Yi;A = 0 j Yi � 1;A = 0: : : Y1;A = 0; Yi;B = 0g

: : : Prf Y1;A = 0 j Y1;B = 0g:� i;B : (13)

The term Prf Yi;A = 0 j Yi � 1;A = 0: : : Y1;A = 0; Yi;B = 0g
canbe further simpli�ed as follows.
De�ne the following new variables


 (0)
j; j � 1 = Prf Yi;j = 0 j Yi;j � 1 = 0g (14)

and

 (1)

j; j � 1 = Prf Yi;j = 0 j Yi;j � 1 = 1g: (15)

Note that the 
 ( :)
j; j � 1 s' do not dependon the wavelength

index i sinceall wavelengthsare identical.
Also de�ne

� i;j = � i;j if i = 1

=
� i;j

� i � 1;j
otherwise: (16)

Observe that � i;j is the conditional probability of
wavelength i being free given that i � 1 other wavelengths
are free. That is

� i;j = Prf Yi;j = 0 j Y1;j = 0; Y2;j = 0; . . .; Yi � 1;j = 0g:

The above de�ned termsalong with assumption(A1) and
Bayesrule allows us to write, after somemanipulation,

Prf Yi;A = 0 j Yi � 1;A = 0: : : Y1;A = 0; Yi;B = 0g =


 (0)
B ;A � i;A


 (0)
B ;A � i;A + 
 (1)

B ;A :(1 � � i;A )
: (17)

Substituting(17) in (13) yields

gi =
iY

k=1


 (0)
B ;A � k ;A


 (0)
B ;A � k ;A + 
 (1)

B ;A :(1 � � k ;A )
:� i;B : (18)

A. Estimationof the Correlation Coef�cients

We have introducedtwo new parameters
 (0)
j; j � 1 and
 (1)

j; j � 1
which characterizethe load correlationbetweentwo adjacent
links. The samecorrelationcoef�cients were �rst obtainedin
[1] and derived again in [15]. We now proposea methodto
calculatethesecoef�cients for arbitrary topologiesandunder
generaltraf�c patterns.
Let P ( j )

l be the probability that a sessionoccupying wave-
length � on link j doesnot continueto link j + 1.

De�ne a new call on j to beonewhichdoesnotpassthrough
link j � 1. Let P ( j )

n betheprobability thata new call occupies
wavelength� on link j. Then


 (0)
j; j � 1 = Prf Y�;j = 0 j Y�;j � 1 = 0g = (1 � P ( j )

n )

(19)


 (1)
j; j � 1 = Prf Y�;j = 0 j Y�;j � 1 = 1g

= P ( j � 1)
l (1 � P ( j )

n )

(20)
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This may be explainedasfollows. 
 (0)
j; j � 1 is the probability

thatwavelength� is free on link j given that it is free on link
j � 1. This is simply theprobabilitythatno new call arriveson
wavelength� on link j which by de�nition is 1� P ( j )

n . 
 (1)
j;j � 1

is theprobability thatwavelength� is freeon link j giventhat
it is usedon j � 1. This is the probability that wavelength
� is usedon j � 1 by a sessionthat doesnot continue to
link j andthat no new call arriveson wavelength� on link j
which is P ( j � 1)

l (1 � P ( j )
n ). We notethatwe have madeuseof

assumptionA2 in deriving theseequations,whereby, we have
eliminateddependenceof link j on all links but j � 1.

Hencethecorrelationcoef�cients areactuallyP ( j )
l andP ( j )

n

which arethensubstitutedin a suitableform to obtainthe�nal
expressionfor gi .

P ( j )
l may be calculatedas

P ( j )
l =

~� (j; j + 1)
~� j

(21)

where

~� j =
CX

m =1

� j (m):qj (m) (22)

is the averagearrival rateof traf�c to link j and

~� (j; k) =
X

R : j 2 R
k62R

CX

m =1

� R
j (m):qj (m) (23)

is the rateof acceptedtraf�c which passesthroughlink j but
doesnot passthroughlink k.

Thus, we model P ( j )
l as the ratio of arrival rate of traf�c

to link j that doesnot continueto link j +1 to the total traf�c
arriving at link j which is a reasonableapproximation.We
calculateP ( j )

n as follows. Let � j be the probability that a
wavelengthis busyon link j i.e � j is a measureof wavelength
utilization of link j. Then

P ( j )
n = � j

~� (j; j � 1)
~� j

(24)

where� j is given by

� i = 1 � Prf Y1;j = 0g = 1 � � 1;j : (25)

HenceP ( j )
n is the probability that the wavelengthis in use

on link j and the sessionusing it is one that arrives without
passingthroughlink j � 1, ie., a new session.

Substitutingfor 
 (0)
j;j � 1 and 
 (1)

j;j � 1 from (19) and (20), the
expressionfor gi may be written as

gi =
iY

k=1

� k ;A

� k ;A + P (A )
l (1 � � k ;A )

� i;B : (26)

Observe that if we put P (A )
l =1, gi reducesto theexpression

obtainedin the Independencemodelpresentedin theprevious
section i which is correct. Again, if P (A )

l ! 0, (negligible
single link traf�c) the expression reducesto � i;B , which
is also correct. Hence we expect the Correlation Model to
performwell underdifferentpatternsof traf�c, anobservation
con�rmed in Section VII. Also observe that the �nal

expressionfor gi after substitutingfor 
 (0)
j;j � 1 and 
 (1)

j;j � 1 is

independentof P ( j )
n ! This comesabout becausewe make

the assumptionthat the probability that a new call occupies
wavelength � on link j is independentof the state of the
wavelengthon link j � 1, that is, P ( j )

n is independentof P ( j )
l .

The expressionfor blocking probability can now be easily
generalizedto higherhoppaths.For symbolicconvenience,let
the links on the pathbe numbered1,2, . . , H .
Only the expressionfor gi needbe modi�ed. This is done
as follows. We make use of assumption(A2) to divide the
pathinto two link subsectionsandproceedasbeforefor each
two link subsectionto obtainthe probability of blocking on a
multi-hop pathas

Prf ZR = 0g = 1 � Prf ZR > 0g (27)

and

Prf ZR > 0g =
CX

i =1

(� 1)i � 1
�

C
i

�
gi (28)

where

gi =
H � 1Y

j =1

iY

k=1

� k ;j

� k ;j + P ( j )
l � (1 � � k ;j )

� i;H (29)

B. Calculationof StateDependentArrival Rates

Recall from Section II, that in order to calculate state
dependentarrival rates,we needto calculatethe probabilities

Prf ZR > 0 j X j = mg =
mX

i =1

(� 1)i � 1
�

C
i

�
gi (X j = m)

(30)
where gi (X j = m) is the conditional probability that a set
of i wavelengthsis free on the route R given exactly m
wavelengthsarefree on link j . This may beeasilycalculated
by splitting the path into three independentsubsections,the
pathconsistingof links beforej , link j , andthepathconsisting
of links after j .
Then,gi (X j = m) is modi�ed to

gi (X j = m) =
H � 1Y

n =1
n 6= j

iY

k=1

� k ;n

� k ;n + P (n )
l (1 � � k ;n )

:� i;H

� m
i

�

� C
i

�

if j 6= H

=
H � 1Y

n =1

iY

k=1

� k ;n

� k ;n + P (n )
l (1 � � k ;n )

:

� m
i

�

� C
i

�

if j = H : (31)

where all symbolsretain their usual meaning.Note that the
summationin (30) runs only up to m becausem is an upper
bound on the numberof free wavelengthson the path. The
algorithm for calculating blocking in a network using the
Correlation Model is similar to that given in the previous
sectionandhencewe omit it.
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V. FIXED ALTERNATE ROUTING

So far we have assumedthat a call can be routed only
on a single pre-determinedroute. However, a good routing
schemecan reduceblocking and improve �e xibility without
addition in hardware costs. We now analyse two popular
routing schemeswhich allow for a call to be assignedon
an alternateroute,namely, Fixed AlternateRouting(FAR) and
LeastLoadedRouting(LLR).Both sharea commonfeaturein
thateachnodepair is alloweda pre-determinedsetof possible
alternateroutesfor call set up and differ only in the manner
in which the routing algorithm selectsthe alternateroute.
Both schemeshave their rootsin conventionalcircuit-switched
networks, wherein,trunk reservation was usedto remove bi-
stability. This meansthat a call canbe setup on an alternate
route only if a minimum number of wavelengths(circuits)
(called the reservation parameter)are free. Supposethat the
reservation parameteron the route is r . Then the route must
have at leastr + 1 wavelengthsfree beforea call can be set
up on it.

In order to analysesuchschemes,we needto calculatethe
probabilitythatexactly l wavelengthsarefreeonagivenroute.

We do so,by introducinga new variable.Let hk denotethe
probability that exactly a �x ed set of k wavelengthsis free
on a given routeR. All our following argumentspertainto a
speci�c routeR andhencewe have droppedthe subscriptfor
clearerexposition. Observe that all the hk s refer to disjoint
events.Thenclearly

CX

k=0

�
C
k

�
hk = 1 (32)

whereh0 is the probability that no wavelengthis free on
the route and the probability that exactly l wavelengthsare
free on the routeR is simply

Prf ZR = lg =
�

C
l

�
hl (33)

Using combinatorialarguments,we may expressgk , k =
1; : : : ; C in termsof hk , k = 1; : : : ; C as

gk =
C � kX

i =0

�
C � k

i

�
hk+ i k = 1; : : : ; C (34)

where the gk s retain their original meaning,i.e it is the
probability that a �xed setof wavelengthsis free on the route
R. Solving the above set of equationsfor hk , k = 1; : : : ; C
we obtain

hk =
C � kX

i =0

(� 1)i
�

C � k
i

�
gk+ i k = 1; : : : ; C: (35)

The above procedurecan be easily extendedto the case
whereexactly m wavelengthsare free on link j of the route
R.
Let hk (X j = m) be the probability that exactly a �x ed setof
k wavelengthsis free on somegiven route R, given exactly
m wavelengthsare free on link j . Then

mX

k=0

�
C
k

�
hk (X j = m) = 1 (36)

and

gk (X j = m) =
mX

i =0

�
C � k

i

�
hk+ i (X j = m j );

k = 1: : : m j : (37)

Solving the above set of equationsfor hk (X j = m), k =
1: : : m we obtain

hk (X j = m) =
m � kX

i =0

(� 1)i
�

C � k
i

�
gk+ i (X j = m);

k = 1; : : : ; m: (38)

Theprobability thatexactly l wavelengthsarefreeon routeR
given exactly m wavelengthsare free on link j is

Prf ZR = l j X j = mg =
�

C
l

�
hl (X j = m): (39)

We are now in a position to analyse the two routing
schemesreferredto earlier in the section.In �x ed alternate
routing (FAR), possibly the simplestand most widely used
scheme,an orderedset of routesis assignedto eachsource-
destinationpair. When a call arrives, the RAW algorithm
searchesthe routes in the prescribedorder and assignsthe
�rst route which has a free wavelength. In case the route
is an alternateroute, it must have more free wavelengths
than its reservation parametersbeforeit canbe assigned.For
simplicity, we assumethat all alternaterouteshave the same
reservation parameterr .

Let DS denotethe direct route for node pair S. Let A S

denotethesetof alternateroutesfor nodepairS. Thisexcludes
the direct route.We assumethat the alternateroutesare link
disjoint,andhenceblockingonalternateroutesis independent.
This assumptionis not very unrealisticsinceit is desirableto
have link-disjoint alternateroutesto overcomelink failures,
whenever possible.In casepathsoverlap, the approximation
presentedin [18] to considerthe caseof overlapsis directly
applicablehere. Since our main thrust is to show that our
approachis applicableto alternaterouting, we assumein this
work that alternatepathsare link-disjoint.

According to the above routing scheme,the set up rate
� j (m) at link j , given exactly m wavelengthsare free is
calculatedas

� j (m) =
X

S:j 2 D S

� S Prf ZD S > 0 j X j = mg;

if m � r:

=
X

S:j 2 D S

� S Prf ZD S > 0 j X j = mg +

X

S

X

R :R 2A S
j 2 R


 S
R (m) Prf ZR > r j X j = mg;

if m > r

(40)

where
 S
R (m) is thetraf�c offeredto alternaterouteR by node

pair S given exactly m wavelengthsare free on link j .
From the FAR scheme,the traf�c offered to an alternate

route R of nodepair S is the over�ow traf�c resultingfrom
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thepreviousR� 1 routesbeingblocked.We assumethis traf�c
to be Poisson,which is a reasonableassumptionwhen the
numberof routes is small. The over�ow traf�c to route R
from a nodepair S may be calculatedas


 S
R (m) =

� S Prf ZD S = 0; Z1 � r ; : : : ; ZR� 1 � r j X j = mg;

wheref 1; : : : ; Rg 2 A S . Sincewe assumethat the alternate
routesblock independently, we have


 S
R (m) = � S Prf ZD S = 0 j X j = mg

�
R� 1Y

T =1

Prf ZT � r j X j = mg: (41)

The probability that a direct route is blocked is given by

Prf ZD S = 0g = hD S
0 ;

Prf ZD S = 0 j X j = mg = hD S
0 (X j = m): (42)

The probability that an alternateroute is blocked is given by

Prf ZR � r g =
rX

l =0

�
C
l

�
hR

l ;

Prf ZR � r j X j = mg =
rX

l =0

�
C
l

�
hR

l (X j = m);

(43)

whereeither expressionmay be used,dependingon whether
link j lies on the alternaterouteor not. Also,

Prf ZR > rg = 1 � Prf ZR � r g:

Finally, the probability that a call for nodepair S is blocked
is given by

BS = Prf ZD S = 0g
Y

R2A S

Prf ZR � r g: (44)

A. Algorithm for computingblocking probabilities

We describebelow, the algorithm for computingblocking
probabilitiesin thenetwork with �x edalternateroutingby the
methodof iteration.Weassumethatthevariablegi wasalready
computedusingmethodsgiven in the previous sections.

1) Initialization. Let B̂S = 0 8S.
Let � j (0) = 0; � j (m) =

P

S:j 2 D S

� j ; m = 1; : : : ; C:

2) Determineqj (:); j = 1; : : : ; J; using(2) and(3).
3) Calculate� j (:); j = 1; : : : ; J using(33) through(41).
4) CalculateBS for all node-pairs,using(44).

If maxS j BS � B̂S j< � thenterminate.Else,let B̂S =
BS , go to step2.

B. Algorithm for Computing� j (:)

Do for all S.
Do for l = r; : : : ; C:

Calculategi for all R 2 A S using(10)
CalculatePrf ZR = lg for all R 2 A S using (33) and

(35)
Do for all S.

Do for l = r; : : : ; C.
CalculatePrf ZR < lg for all A S using(43)

Do for j = 1; : : : ; J:
Do for m = 1; : : : ; C:

Calculate� j (m) using(40) and(41).

VI . LEAST LOADED ROUTING

We analyse Least Loaded Routing for fully connected
networks in this section.Such a schemehas beenanalysed
extensively for networks with at most two hops in [10] and
also in [2]. Our methodfollows that of [2]. Each nodepair
has a direct link f j g and a set of alternateroutesdenoted
by A j . Henceeachnodepair may be identi�ed by its direct
link. When a call arrives for a node pair say f j g, it is set
up on the direct link if the numberof free wavelengthson
the link, m j > 0. Otherwise,the RWA algorithm attemptsto
assignthe call to the alternateroute with the largestnumber
of free wavelengths.We assume,as in the caseof FAR, that
all alternaterouteshave a reservation parameterr , so that a
call may be setup on an alternaterouteonly if it hasat least
r + 1 free wavelengths.In caseof a tie, the routesin A j are
assumedto beorderedin somefashion,andtheroutewith the
smallerindex is chosen.Denoteby Sj , the setof links (node-
pairs) adjacentto link(node-pair) j . For a link(node-pair)j
denoteby alt(j ) the alternateroute chosenaccordingto the
LLR schemedescribedabove.

Basedon the RWA algorithm describedabove, the set up
rate� j (m) on link j given exactly m wavelengthsare idle is
calculatedas follows

� j (m) = 0; if m = 0;

= � j if m � r;

= � j +
X

k :k2S j

� k qk (0)h(j; kR ; m); if m > r;

(45)

where

h(j; kR ; m) = Prf alt(k) = kR ; ZkR > r j X j = mg

m > r; kR : j 2 kR (46)

is theprobability thatnode-pairk chosethealternateroutekR

andthereareat leastr + 1 wavelengthsfreeon routekR given
thatexactly m wavelengthsareidle on link j 2 kR . Using the
chainrule andconditioningon disjoint eventsf ZkR = l : l =
r + 1; : : : ; mg, we cancalculateh(j; kR ; m) as follows

h(j; kR ; m) =
mX

l = r +1

Prf ZkR = l j X j = mg

� Prf alt(k) = kR j ZkR = l ; X j = mg

=
mX

l = r +1

f (j; kR ; m; l )g(j; kR ; l ) (47)

where

f (j; kR ; m; l ) = Prf ZkR = l j X j = mg

=
�

C
l

�
hl (X j = m) (48)
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and

g(j; kR ; l ) = Prf alt(k) = kR j ZkR = lg (49)

Note thatg(j; kR ; l ) is the probability thatnode-pairk choses
alternateroute kR given that there are l wavelengthsfree
on that route. This is independentof the event X j = m
and is simply the probability that routesprecedingkR have
lessthan l wavelengthsfree and thosefollowing kR have at
mostl wavelengthsfree.The expressionfor g(j; kR ; l ) canbe
calculatedin accordancewith the LLR schemeas

g(j; kR ; l ) = Prf alt(k) = kR j ZkR = lg

=
Y

kT 2A k (kR ) �

Prf ZkT < lg
Y

kT 2A k (kR )+

Prf ZkT � lg

(50)

where A �
k (kR ) denotesthe set of routes in A k preceding

kR and A +
k (kR ) is the set of routesfollowing kR in the the

assumedordering.Theprobabilitiesin theaboveequationmay
becalculatedusingequation(43) whichwasderivedin thelast
section.

The probability that a nodepair j is blocked is given by

B j = Prf X j = 0g
Y

R2A j

Prf ZR � r g: (51)

We reproducebelow an algorithm originally proposedin [2]
for computing the blocking probabilities in a network with
LeastLoadedRouting.

A. Algorithm for computingblocking probabilities

1) Initialization. Let B̂ j = 0; j = 1; : : : ; J .
Let � j (0) = 0; � j (m) = � j ; m = 1; : : : ; C:

2) Determineqj (:); j = 1; : : : ; J; using(2) and(3).
3) Calculate� j (:); j = 1; : : : ; J using(45)
4) CalculateB j for all node-pairs,using(51).

If maxj j B j � B̂ j j< � then terminate.Else, let B̂ j =
B j , go to step2.

B. Algorithm for Computing� j (:)

Do for j = 1; : : : ; J .
Do for l = r; : : : ; C:

Calculategi for all R 2 A j using(10)
CalculatePrf ZR = lg for all R 2 A j using (33) and

(35)
Do for j = 1 : : : ; J .

Do for l = r; : : : ; C.
CalculatePrf ZR < lg for all R 2 A j using(43)

Do for j = 1; : : : ; J .
Do for l = r; : : : ; C:

Calculateg(k; kR ; l ) for all k 2 Sj using(50)
Do for j = 1; : : : ; J:

Do for all k 2 Sj

Calculateh(j; k; m) for m = r + 1; : : : ; C using(47)
Calculate� j (m) for m = r + 1; : : : ; C using(45)

VI I . RESULTS AND NUMERICAL COMPUTATION

In this sectionwe analysethe complexity of the techniques
presentedin this work and also examine their accuracy by
applying them to various topologiesunder different traf�c
patterns.

A. Complexity

Oneof themainaimsof thispaperwasto proposeanalytical
modelswith reducedcomplexity to enablethe studyof large
networks. We now study the complexity of the varioustech-
niquespresentedin this paperandalsocomparethemagainst
thosepresentedin [2].

Thestateprobabilitiesqj (m) (2) requireO(C) computation
for eachlink. The� coef�cients (6) requireO(C) computation
for eachlink and the path blocking computationcomplexity
is O(H C) (9) and (10). For the correlationmodel, the only
differenceis that the path blocking computationcomplexity
is O(H C2). To the best of the authors' knowledge, these
techniquesaresimplerwith lower computationoverheadthan
any of theexistingmodelswith theexceptionof [1] whichwas
formulatedfor staticscenariosonly. In spiteof the simplicity,
aswe shall observe, our resultsarequite accurate.

The complexity of computationof route blocking for the
techniquepresentedin [2] is O(CH ) for �x ed routing,which
limits its applicability to small densenetworks. We highlight
this computationaladvantageby presentingresults of time
taken for computationfor two networks, the 6-nodering and
the 21 node ARPA-2 network, in Table I. All computations
weredoneona SunUltra SPARC systemrunningat 150MHz.
The maximumhop- lengthin the6-NodeRing was3, andfor
theARPA-2 network, it waslimited to 4. As canbeseenfrom
the results,the Independenceand CorrelationModels are far
superiorthan [2] in termsof time complexity. Although, not
explicitly evident, the Independencemodel gives exactly the
sameresultsasthe modelin [2]. This is becauseboth models
make the sameassumptions,andcalculatethe numberof free
wavelengthscorrectly, albeit in different ways, under these
assumptions.

The computationrequirementsfor Fixed AlternateRouting
are O(SRC2) + O(J SRC) whereS is the total numberof
node pairs and R is the averagenumberof routesfor each
node pair. This assumesthat computationsare done using
the IndependenceModel. LeastLoadedRoutingcomputations
requirementsaresimilar to thoserequiredin [2] becauseonly
two hopswereconsidered,althoughouranalysiscanclearlybe
extendedto largernumberof hopswithout signi�cant increase
in complexity.

B. NumericalResults

We now presentresultsof both our techniquesfor a variety
of topologiesandcomparethem againstsimulationsto study
their accuracy. Our goal is to demonstratethe effectiveness
of the modelsin termsof scalability and accuracy. For �x ed
routing, 4 topologieswere chosen,a 6 nodering, a 12 node
ring, a 13 node Mesh network (Figure 1), and the 21 node
ARPA-2 network (Figure 2). The ring networks were chosen
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Birman's Indepe- Corr-
Network Model -ndence -elation

(secs) (secs) (secs)

Ring, C = 8 3.89 0.06 0.09

Ring, C = 16 69.72 0.29 0.42

ARPA-2, C = 8 263.02 0.29 1.73

ARPA-2, C = 16 2.02� 104 1.73 3.26

TABLE I

TIME COMPLEXITY OF THE THREE MODELS FOR THE ARPA-2 AND

6–NODE RING NETWORK . ALL TIMES ARE IN SECONDS, AND C REFERS

TO THE CAPACITY OF EACH LINK .

to study the ef�cacy of our methodswhen appliedto sparse
networks,andtheMeshandARPA-2 werechosenasexamples
of two arbitrarytopologies.Calculationsweredonefor 16 and
32 wavelengthsfor all topologies.For the ARPA-2 and 12
node ring networks, we also computeblocking probabilities
with 64 wavelengths.Themaximumhop lengthwasrestricted
to 3 for the 6-Nodering, 6 for the 12-Nodering, and 5 for
the13-NodeMeshandthe21-NodeARPA-2 network. Routes
wereconstructedusingminimum hop routing andnumber18
in the 6 node ring, 72 in the 12 node ring, 73 in the Mesh
network, and 76 routesin the ARPA-2 network. For the ring
networks, a single path was chosefor each possiblenode-
pair (unordered).For the13 nodemeshandARPA-2 network,
node-pairswere chosenrandomly and when multiple paths
betweennode-pairswere present,at most 3 were randomly
selected,in which casethe traf�c was split equally over all
paths.The accuracy of our modelswere studiedunder three
differenttraf�c patterns.They canbecompactlywritten by the
equation

TH = qH � 1 � T1 (52)

whereTi is the traf�c on a i -hoppath.Threevaluesof q were
chosen:

� q = 1:0 Uniform Traf�c
� q = 0:5 Traf�c dominatedby smaller hop routes(low

correlation)
� q = 1:5 Traf�c dominatedby larger hop routes(signi�-

cantcorrelation)

By varyingtheparameterq wecancover therangeof link load
correlationintroducedby thewavelengthcontinuityconstraint.
For simulations,4,00,000calls were taken in eachbatchand
20 batcheswere run for eachload, The datapoints reported
are in the 95 % con�denceinterval. Whenusing the iterative
algorithmfor analysis,iterationswerestoppedwhenblocking
estimatesin successive stepsdifferedby lessthan � = 10� 6.

C. Fixed Routing

We now discussour results for each traf�c pattern and
network. For �x ed routing,we presentresultsonly for 32 and
64 wavelengths.Resultsfor other networks and wavelengths

Fig. 1. A 13 Node18 Link MeshNetwork

Fig. 2. The 21 Node26 Link ARPA-2 Network

under the different traf�c patternsare similar and the obser-
vations we make are valid for them also. Hencewe do not
repeatthese�gures here.

For the ARPA-2 network (Figure3) andthe 13 nodeMesh
network (Figure7) we seethat the IndependenceModel gives
reasonableestimatesto the blocking probability for uniform
traf�c (q = 1:0). The estimatesobviously improve when
the multi-link traf�c is less (q = 0:5) as shown for the
ARPA-2 network in Figure 4 becauseof lower correlation.
However, when correlation increases(q = 1:5), the results
of the Independencemodeldegradefor the ARPA-2 network
(Figure5) becausetheapproximationthat setsof wavelengths
on adjacentlinks areindependentis no longera goodone.The
CorrelationModel is seento give fairly goodresultsfor both
thesetopologiesunderall traf�c conditionsascanbeexpected
from theoriginal formulation.The accuracy of thecorrelation
model can be seenfrom the hop wise blocking probability
plottedin Figures6 and8 for the ARPA-2 and13 nodemesh
network respectively.

Results of the 6 node and 12 node ring networks ac-
centuatethis the differencebetweenthe Correlationand the
IndependenceModel in handlingwavelengthcorrelation.The
Independencemodeloverestimatestheblockingfor the6 node
ring (Figure9) aswell asthe12 nodering (Figure10) though
the resultsarenot too badfor the 6 nodering becauseof the
short paths.The resultsimprove only marginally for the 12
nodering undernon-uniformtraf�c with reducedcorrelation
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Fig. 3. Plot showing averageblocking probability of the ARPA-2 Network
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Fig. 5. Plot showing averageblocking probability of the ARPA-2 Network
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Fig. 7. Plot showing averageblocking probability of the 13–nodeMesh
Network for C = 32 andUniform Traf®c (q = 1:0)

1 1.5 2 2.5 3 3.5 4 4.5 5
10

-5

10
-4

10
-3

10
-2

10
-1

H
op

w
is

e 
B

lo
ck

in
g 

P
ro

ba
bi

lit
y 

O
f T

he
 N

et
w

or
k

No of Hops 

Blocking in the 13  Node Mesh Network

No of Wavelengths =32

Simulation        
Correlation Model 
Independence Model

q = 0.5

Fig. 8. Plot showing Hop-Wise blocking probability of the 13–nodeMesh
Network for C = 32 andNon-Uniform Traf®c, q = 0:5



12

30 40 50 60 70 80 90
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

Total Load in Erlangs

A
ve

ra
ge

 B
lo

ck
in

g 
P

ro
ba

bi
lit

y
Blocking in the 6 Node Ring Network

q=1.0

C=32

Correlation Model 
Independence Model
Simulation        

Fig. 9. Plot showing averageblocking probability of the 6–nodeRing
Network for C = 32 andUniform Traf®c q = 1:0
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Fig. 10. Plot showing averageblocking probability of the 12–nodeRing
Network for C = 32 andUniform Traf®c q = 1:0)
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Fig. 11. Plot showing averageblocking probability of the 12–nodeRing
Network for C = 32 andNon-Uniform Traf®c (q = 0:5)
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Fig. 12. Plot showing averageblocking probability of the 12–nodeRing
Network for C = 32 andNon-Uniform Traf®c (q = 1:5)

(q = 0:5) (Figure11) and the estimatesareoff by more than
two ordersof magnitudewhen the correlationincreases(q =
1:5) (Figure 12) con�rming results of previous researchers
that sparsenetworks introducesigni�cant wavelengthcorre-
lation. The accuracy of the Correlation Model in handling
this correlationis con�rmed by applicationto suchnetworks.
Underall traf�c patternsfor both the ring networks it is seen
to give reasonableestimates. We henceconcludethat the
IndependenceModel givesfair estimatesfor topologieswhich
arewell connectedandhave traf�c patternsthat result in low
to mediumcorrelation,while the CorrelationModel may be
usedon a wide variety of networks evenwhenconnectivity is
sparseand traf�c patternsinducelarge correlation.To check
the effectivenessof our modelswhenthe capacityof the link
increases,we presentblocking probability computationsfor
the ARPA-2 Network (Figure 13) and 12 node ring (Figure
14) with 64 wavelengthsper link and uniform traf�c. Due
to the large numberof wavelengths,the combinatorialterms
can introduceround off errors. We removed such errors by
ignoring the extremelysmall blocking probabilitiesaswell as
negative blocking probabilities since they would have been
causedby round off errors in extremely small values and
as such,do not impact the �nal solution much. The �gures
show thatour modelsfollow thesimulationreasonablyclosely,
demonstratingthe scalabilityof the model.

D. AlternateRouting

For Fixed AlternateRouting, we have chosenthe 6-Node
Ring with 16 wavelengths.Eachnode-pairhasa directandan
alternateroute,and thereare 18 suchnodepairs.We present
resultsof only theIndependenceModelandsimulationsin Fig-
ure16 sincewe arestill researchingtheproblemof estimating
the correlationcoef�cients for the CorrelationModel undera
routing schemeapartfrom �x ed routing.Ad hoc extensionof
themethodexplainedin SectionIV to FixedAlternateor Least
LoadedRoutingleadsto anunderestimationof theblockingin
thenetwork. As of now, we do not know why this is so.Least
Loaded Routing was studied on a 4-Node fully connected



13

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. 13. Blocking in the ARPA-2 Network with C=64 andUniform Traf®c
(q = 1:0)
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Fig. 14. Blocking in the 12 Node Ring Network with C=64 and Uniform
Traf®c (q = 1:0)

network with 16 wavelengths and uniform traf�c. Again,
resultsare shown in Figure 17 for the IndependenceModel
andsimulations.We observe that the estimatesarereasonable
and may be used for analytical purposes.In caseof Fixed
Alternaterouting (Figure 16) we note that thoughthe model
deviatesfrom thesimulationat higherblockingprobabilities,it
providesa goodapproximationat lower blockingprobabilities
which is the important region when consideringproblems
like dimensioningof the network. For least loaded routing
our model is very accurate,closely following the simulation
results.

VI I I . CONCLUSIONS

We have proposedtwo analytical techniquesof low com-
plexity, the IndependenceModel and the CorrelationModel,
for the study of wavelength routed networks with arbitrary
topologyandtraf�c patterns.Both modelsinvolve only simple
computationsandcanbeusedfor fastcalculationsof blocking
probabilities.Throughcomputationswe have shown that the
IndependenceModel givesgood estimateswhen the network
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Fig. 15. Plot showing averageblocking probability of the 6–nodeRing
Network for C = 16, andFixed AlternateRouting(r = 0)
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Fig. 16. Plot showing averageblocking probability of the 6–nodeRing
Network for C = 16, andFixed AlternateRouting(r = 2)
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is well connectedand the Correlation Model is accurate
even for sparsenetworks under�x ed routing. The simplicity
of our models can be exploited when computing blocking
probabilitiesin reasonablylargenetworkswith a largenumber
of wavelengthsas shown in this paperfor the ARPA-2 and
12 nodering networks with 64 wavelengths.The Correlation
Model however is not insensitive to thedirectionin which we
proceedalonga routewhenwe computetheblockingandmay
lead to incorrectresultsunderhighly skewed traf�c patterns.
Nevertheless,we believe sucheventsareunlikely to happenin
practiceand that the model is quite useful in obtaininggood
and quick estimatesof blocking that would be bene�cial in
computationsto dimensionnetworks. We have also extended
theIndependenceModel to studyFixedAlternateRoutingand
LeastLoadedRoutingandfound it to give goodresultsin the
region of interest,ie., low blocking probability.
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