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Abstract— We presenta new analytical technique, based
on the inclusion—exclusion principle from 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 ¢ pat-
terns. The rst model improvesthe current technique by
Birman [5] in that the complexity of calculation is indepen-
dentof hop-length and scalesonly with the capacity of the
link as againstthat 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 order of Gbs/seger node practicalin
the nearfuture. This is becausevavelengthroutedall-
optical networks offer wavelengthreuseand remaove the
electro-opticbottleneck. In this work we considercir-
cuit switchedall-opticalnetworks sincethey area natural
outcomeof currentWDM technology[1l]. Call requests
arrive at randomand are assigneda free wavelength (if
available) on eachlink of the paththey usefor the du-
ration of the call. If the nodeshave wavelengthcorver
sion capability the call can be assignedlifferent wave-
lengthson eachlink of the path used. In sucha situa-
tion, the all-opticalnetwork reducedo a corventionalcir-
cuit switchednetwork. However, if the nodescannotper
form wavelengthconversion the call mustbe assignedhe
samewavelengthon all thelinks of the pathused.Thisis
known asthewavelengtttontinuityconstaint andmakes
networkingin theall-opticaldomainsigni cantly different
from corventional circuit switchednetworks. Networks
with wavelengthchangersiave alower call blockingprob-
ability comparedo thosewithoutbecauséhey canaccept
a call if awavelength(which canbe different)is free on
eachlink of the path,whereasetworks without changers
requirethe samewavelengthto be free on all the links of
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a pathin orderto honora call. Wavelengthcorvertersare
still in the experimentalstageandarelikely to remainex-
pensve, if implementedHenceit is importantto quantify
thecall blocking performancef opticalnetworkswithout
wavelengthcorversionto verify theeffectivenesf wave-
lengthchangers.

Researcthasshavn thatthewavelengttcontinuitycon-
straint introducedoad correlationbetweenrinks, andthat
theblockingin thenetwork is affectednotonly by therout-
ing schemeusedbut also by the choiceof a wavelength
assignmenscheme.A boundon the carriedtrafc in an
arbitrarynetwork by any RoutingandWavelengthAssign-
mentalgorithm(RWA) algorithmwasderivedin [2]. The
boundis however only asymptoticallyachievable. Vari-
ousschemeshatcombinethewavelengthassignmenand
routing problemhave beenproposedandstudiedthrough
simulationdn theliterature for example[8], [9] and[14].
Analytical modelsfor the rst t wavelengthassignment
schemehave beenproposedn [8]- [10]. They however
useversionsof theover ow trafc modelandareapplica-
ble only whenthe numberof wavelengthgs small(4 to 8).
LeastLoadedRoutinghasbeenstudiedin [13] andFixed
AlternateRoutingin [14]. The readeris referredto [12]
for areview of theseschemesindtheir effectiveness.

Analytical modelsfor analyzingthe performancef op-
tical networkswith x edrouting, randomwavelengthas-
signmentand without wavelengthcorversion have been
proposedn [4]-[6]. In [4], Barryetal. proposednanalyt-
ical modelto studytheeffectivenesof wavelengthchang-
ers,taking wavelengthcorrelationinto account.However
themodeldoesnottake into accounthedynamicnatureof
thetrafc. Themodelproposedy Subramaniunetal. [6]
takesbothdynamictrafc andwavelengthcorrelationinto
accountndhasbeenshavn to beaccuratevenfor sparse
networkslike rings. Moreover, the modelhasa moderate
compleity. It ishoweverapplicabldn thestrictsensenly
to networkswith uniformtrafc andregulartopologiesin
caseof irregulartopologiesandtrafc distributions, only
ensembletike theaveragedegreeof anodeareused.An-
othermodelproposedy Birman[5] usesareducedoad
approximatiorapproactwith state-dependeatrival rates.
The modelis shawvn to be goodfor smallnetworkswhere
multi-link traf ¢ is notappreciablendis applicableto ar
bitrary topologiesandtrafc patterns.It is however com-
putationallyintensiie, with the compleity growing expo-



nentiallywith the numberof hops.It alsoignorestheload
correlationbetweerlinks dueto the continuity constraint.
Henceit is tractableonly for small, densenetworks. The
readeris referredto [11] and[12] for a review of these
analyticalmodels.

Future wide areanetworks are mostlikely to be all-
optical networkswith tens,if nothundredf nodes.con-
nectedn anarbitraryfashion.In suchasituation themod-
elsin the currentliteraturewould not apply satishctorily
to theanalysiof thenetwork in question.Thusourgoalis
two-fold. We requirea techniqueapplicableto arbitrary
topologieswhich is computationallytractable,and also
givesreasonablestimate®f blockingprobabilitiesfor de-
sign purposesandthe analyticalstudyof issuedike ben-
e ts of wavelengthchangersalternateroutingandso on.
With thesegoalsin mindwe proposédwo techniquen this
paperwhich reducethe compleity of calculationconsid-
erablyandareapplicableto arbitrarytopologiesandtraf ¢
patterns.The rst techniquemakesthe sameassumptions
asin [5] andis calledthe Independenciodel Estimates
of theblockingprobabilityfrom this modelarereasonable
whenthe network is denseor end-to-endrafc is nali-
gible, but this modeloverestimatesigni cantly whenthe
multi-hopcallshave appreciabldrafc andthenetwork is
sparseln fact,we shav thatthe estimatesreidenticalto
thoseobtainedin [5], but without the bottleneckof expo-
nential compleity in hop-length. The compleity scales
only with the capacityof the link andis independenbf
hop-length.To accounfor wavelengthcorrelatiorwe pro-
poseanothemodelwhich we call, naturally the Correla-
tion Model We shaw thatthis modelis accuratesvenfor
sparsenetworks.

The restof the paperis organizedasfollows. In Sec-
tionll weoutlinethebasicnetwork andtrafc assumptions

usedthroughoutthe paper We presenthe Independence on

Modelin Sectionlll andthe CorrelationModelin Section
IV. We presentour resultsin SectionV andconcludein
SectionVII.

In this sectionwe statethe assumptionsboutthe net-
work andtrafc thatareusedin our modelsfor calculating
the path blocking probability of an optical network with
no wavelengthchangers All assumptionstatedhereare
valid throughouthe paper

NETWORK AND TRAFFIC MODEL ASSUMPTIONS

A. Assumptionsegarding the Networkand Offered Traf-
c

1. The network consistsof  links connectedn an arbi-
trary fashion.

2. Eachlink hasthesame wavelengths

3. Calls for a nodepair
processwith rate

4. The durationof eachcall is exponentiallydistributed
with unit mean.

5. A call canbeaccommodatednarouteonly if thesame
wavelengthis free on all thelinks of the selectedoute. If
thereis no suchwavelengthfree, the call is blocked and
lost.

6. Thewavelengthassignedo arouteis choserrandomly
from the setof free wavelengths.This assumptiommales
all wavelengthddenticalandtheanalysidractable.

arrive accordingto a Poisson

B. Trafc Model

We assumethat the idle wavelengthdistribution on a
link canbedescribedy thestatedependentoutingmodel
rst proposedby Kelly anddevelopedin [7]. The same
modelis alsousedin [5]. Below, we describethe model
andits assumptions.
Let betherandomvariablerepresentinghe numberof
freewavelengthonroute
Let  betherandomvariablerepresentinghe numberof
freewavelengthsonlink . Let

bethe probabilitythatexactly =~ wavelengthsarefreeon
link . Therandomvariables areassumedo beinde-
pendentthatis

(1)

Following [7] we assumethat, given exactly idle
wavelengthson link , the time until the next call setup
is exponentiallydistributedwith parameter It
thenfollows thatthe numberof idle wavelengthson link
canbe modelledasthe outcomeof a birth-deathprocess.
Wethenhave

)

where

®3)

The call setup rateis a functionof the routingscheme
used.We assumex edroutingin this sectionandthe next
two sectionsalso. This meanghateachnode-paithasex-
actly onepre-determinedoute.If anarriving call doesnot

nd afreewavelengthonthisroute,it is blockedandlost.



For x edroutingthe call setupratewhenthereare ex-
actly idle wavelengthsonlink is obtainedby
combiningthe contritutions from all the requeststreams
thathave link astheirmember This expressiorwas rst
obtainedor anall-opticalnetwork in [5].

(4)

Typically, in a network, the blocking probabilitiesand
arrival ratesto alink arecoupledto eachotherby thefact
thatthe blockingdetermineghetrafc carriedby the net-
work andthe carriedtrafc in turn determineghe block-
ing. This leadsto a setof couplednon-linearequations
which mustbe solvedto obtainthe blocking probabilities.
Theusualschememplementedn mostanalysesncluding
oursis solutionby iteration.

[I1. THE INDEPENDENCE MODEL

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

consistingof a singlelink  (say)is blocked is simply
givenby

()

whichis the probabilitythatthereis noidle wavelengthon
link . In orderto calculatethe blocking probability for
amulti-hop pathwe introducethe following randomvari-
able:

Let betherandomvariabledenotingthe stateof wave-
length onlink . De ne

if wavelength is freeonlink ,
if wavelength is usedonlink .

From the assumptiorof randomwavelengthassignment,

we thenhave thatthe the probability thata xed setof
wavelengthds freeonsomelink is

(6)

Note that sincethe wavelengthsareidenticalby virtue of
the assumptiorof randomassignmentall setsof wave-
lengthsareequallylikely to befree.

Denoteby

()

the probabilitythata x edsetof wavelengthss freeon
link .

Now, the probability that a multi hop-route  (say)
is blocked is the probability that thereis no wavelength
whichis freeonall thelinks usedby . We have

Let betheprobabilitythata xed setof wavelengths
is freeontheroute . Then,from theinclusion-&clusian
principle and the assumptiornof randomwavelengthas-
signment;jt follows that

For notational corveniencewe describein detail the
methodof calculationof  for a two link path consist-
ing of links and . The methodis readily generalized
for pathswith higherhop-lengthsFor thetwo link path

Usingtheassumptionthatthe setsof wavelengthonlinks
areindependenfl), we have

or, from (7)

The methoddescribedabore immediatelygeneralizego
higherhop lengths. The probability thata call is blocked

ona -—hoproute isgivenby
(8)
where
)
and isgivenby
(10)



A. Calculationof StateDependenArrival Rates

Thearrival rateof arequesstreamfrom route  tolink

, giventhatthereare  wavelengthsfree on link , is
givenby (4) as
if m=0
where

If the route consistsof a singlelink thenthe probability
termis clearly 1 for . Thetermfor amulti-hoppath
may be calculatechsfollows.

(11)
where is the conditionalprobability that a
xed setof wavelengthds freeontheroute givenex-
actly wavelengthsarefreeonlink . It may be calcu-
latedas

(12)

because

Note thatthe summationin (11) runsonly upto  since
is an upperboundon the numberof free wavelengths
onthepath.

B. Algorithmfor Computatiorof Blodking Probabilitiesin
the network

As mentionedin Sectionll, we needto solve a setof
non-linearcoupledequationgo obtainthe blocking prob-
abilities. Thoughwe have not beenableto prove thata
x edpointexistsfor this systenof coupledequationgand
if it doeswhetherit is unique),in practicethe methodof
solutionby repeategubstitutioncornvergesin a few itera-
tionsfor a variety of topologies. The methodof repeated
substitutionto solve for the blocking probabilitiesmay be
implementedasfollows:

Let  betheprobabilitythatacall for route isblocked.
1. Forall routes initialize to zero.For
initialize and

2. Determinethe idle capacity distribution of all links
(), using(2) and(3).

3. Calculate for all links,

using(6)

4. Calculate (.), using(4), (11)and(12)

5. Calculate for all routesusing(5) if it is asinglelink

and(8) and(9) and(10) for amulti-hop path.

If thenterminate.Elselet

andgoto step2.

and

IV. THE CORRELATION MODEL

As will beshavn in SectionV the Independencmodel
presentedn the previous sectiongives good resultsfor
densenetworks but overestimateshe blocking probabil-
ity signi cantly for sparsenetworkslikerings. Thisis be-
causeit doesnot accountfor load correlationintroduced
by the wavelengthcontinuity constraintoetweeradjacent
links. Thatis, it assumeshat setsof wavelengthson ad-
jacentlinks areindependentwhich is nota goodassump-
tion whenthe network is sparsg([4], [6]). In sparsenet-
workslikerings,thenumberof choicedor arouteis small.
Hencecallstendto staytogethermver alongersetof links
leadingto increasedcorrelationsincethey usethe same
wavelengthon all thelinks.

In this sectionwe extend the Independencenodel to
take this correlationinto account. The tradeof for accu-
ragy however, aswill be shawvn later, is thatthe complex-
ity of calculationincreasesBut we will seethatit is still
muchlessthanthatof themodelin [5].

The network andtrafc assumptiongnadein Section
Il remainthe same. All the notationsand variablesused
in the previous sectionretaintheir original meanings We
alsoassumehatthe parameters may be calculatecas
before,using(6). Thepointof departurdrom theprevious
modelis thatwe nolongermake theassumptiorof uncon-
ditional wavelengthindependencenadepreviously while
calculatingthe blockingon a multi-hoppath . Through-
out this analysiswe assumehat the links on a route are
orderedandthedirectionof acallis x edapriori.

To caterfor link correlationwe make a setof assump-
tionsasdescribedelon:

Al. Thestateof awavelength onlink isindependent
of thestateof someotherwavelength onlink , given
thestateof thesamewavelength onlink , orthestate
of wavelength onthesamdink . Moreformally,

given or
A2. Onagivenroute,thestateof awavelengthonalink
is independenof the stateof the samewavelengthon
previousor successe links of theroute,giventhe stateof



thewavelengthon link . Moreformally
given

Theprobabilityof blockingonamulti-hoproute
asbeforeby

isgiven

and

wherethe  sretaintheirusualmeaning.
We now departfrom thetechniquen the previous sec-
tion in thatwe derive anew expressiorfor calculating
For clarity of expositionwe rst derive the expressiorfor
onatwo link path. We shallthenextendit for higher
hop-lengthpaths. Considera two link path  (say)over
links and .Wehave

Usingthechainrule andassumptiorfAl) thismaybesim-
plied to

(13)

Theterm
canbefurthersimpli ed asfollows. De ne thefollowing
new variables

(14)
and

(15)
Notethatthe sdo notdependn thewavelengthin-

dex sinceall wavelengthsareidentical. Also de ne
if

otherwise

(16)

Obsere that is the conditional probability of wave-
length beingfree giventhat otherwavelengthsare
free,i.e.,

Theabove de ned termsalongwith assumptior{A1) and
Bayesrule allows usto write, aftersomemanipulation:

17)
Substituting(17)in (13)yields
(18)
A. Estimationof the Correlation Coefcients
We have introducedtwo new parameters and

which characterizethe load correlationbetween
two adjacentinks. Thesamecorrelationcoefcients were
rst obtainedn [4] andderivedagainin [15]. Wenow pro-
posea methodto calculatethesecoefcients for arbitrary
topologiesandundergeneratrafc patterns.
Let bethe probabilitythata sessioroccupying wave-
length onlink doesnotcontinueto link
Let bethe probabilitythatanew call arrivesonwave-
length atlink . A new callon is onewhich doesnot
passhroughlink . Then

(19)

and

(20)

This may be explainedasfollows. is the proba-
bility thatwavelength isfreeonlink giventhatit is free
on link . Thisis simply the probability thatno new
call arrivesonwavelength onlink  which by de nition

is . is the probability thatwavelength

is freeonlink giventhatit is usedon . Thisis the
probabilitythatwavelength is usedon by asession
thatdoesnotcontinueto link andthatnonew call arrives

onwavelength onlink whichis .
Hencethe correlationcoefcients are actually and

which arethensubstitutedn a suitableform to ob-
tainthe nal expressiorfor

may be calculatecas
(21)

where
(22)



is theaveragearrival rateof trafc tolink , and

(23)

is therateof acceptedrafc which passeshroughlink
but doesnot passthroughlink

Thus,we model astheratio of arrival rateof trafc to
link thatdoesnotcontinueto link tothetotaltrafc
arriving atlink  whichis areasonablepproximation.

We calculate asfollows. Let be the probability
thatawavelengthis busyonlink ,i.e., isameasuref
wavelengthutilizationof link . Then

(24)

where s givenby

(25)

Hence is the probabilitythatthe wavelengthis in use
onlink j andthe sessiorusingit is onethatarriveswithout
passinghroughlink , i.e.,anew session.

Substitutingfor and from (19) and(20), the
expressiorfor  maybewrittenas

(26)
Obserethatif we put =1 (negligible two-link traf ¢),

reducego theexpressiorobtainedn thelndependence
modelpresentedn the previous sectionwhich is correct.
Again, if , (nggligible singlelink trafc) theex-
pressiorreducedo , whichis alsocorrect.Hencewe
expectthe CorrelationModel to performwell underdif-
ferentpatternof trafc, anobserationcon rmedin Sec-
tion V. Also obsere thatthe nal expressiorfor  after

substitutingfor and is independentf !
This comesaboutbecauseve make the assumptiorthat
the probabilitythata new call arriveson wavelength on
link isindependenstf thestateof thewavelengthon link
, thatis, is independentf

Theexpressiorfor blockingprobabilitycannow beeas-
ily generalizedo higherhop paths. For symbolicconve-
nience let thelinks on the pathbe numbered .
Only theexpressiorfor ~ needdo be modi ed. Thisis
doneasfollows. We malke useof assumptior(A2) to di-
vide the pathinto two link subsectionandproceedasbe-
fore for eachtwo link subsectiorio obtainthe probability

of blockingon a multi-hoppathas

(27)
and

(28)
where

(29)

B. Calculationof StateDependenfrrival Rates

Recallfrom Sectionll, thatin orderto calculatestate
dependenarrival rates,we needto calculatethe probabil-
ities

(30)
where is the conditionalprobability that a
setof wavelengthss freeontheroute givenexactly
wavelengthsarefreeonlink . We calculatethis by split-
ting the pathinto threeindependensubsectionsthe path
consistingof links before , link , andthepathconsisting
of links after .

Then, is modi ed to

if (31)
whereall symbolsretaintheir usualmeaning.

Notethatthe summationin (30) runsonly upto  be-
cause is anupperboundon the numberof free wave-
lengthson the path. The algorithmfor calculatingblock-
ing in anetwork usingthe CorrelationModel is similarto
thatgivenin the previoussectionandhencewe omitit. We
notethatthe CorrelationModel is directionalandmaynot
yield the sameresultsif we proceedalongthe pathin the
oppositedirection. To reducethis effect, we assumehat
half the trafc on a routeis offeredin onedirectionand
half in the other We thencalculatethe blocking probabil-
ities for the pathin eachdirectionandtake the averageof
thetwo blockingprobabilities.



V. RESULTS AND NUMERICAL COMPUTATION

In this sectionwe analysethe compleity of the tech-
niguespresentedh thiswork andalsoexaminetheiraccu-
ragy by applyingthemto varioustopologiesunderdiffer-
enttrafc patterns.

A. Compleity

Oneof themainaimsof this paperwasto proposeana-
lytical modelswith reducedcompleity to enablehestudy
of largenetworks. We now studythecompleity of thevar-
ious techniquegresentedn this paperandalsocompare
themagainsthosepresentedh [5].

The computationalrequirementf the Independence
modelare for calculationof the s(6)and
for calculationof pathblocking. Note thatthe comple-
ity of calculationis independenf hop length. More-
over, the for calculationof canbereducedto

by parallel computation. The computationalre-
guirementgor theCorrelatiormodelarethesameasthose
of the Independenc#lodel for the calculationof sand
for path blocking calculationssince
we are computingblocking for a pathin both directions.
Thoughnolongerindependentf hoplength,thecomple-
ity requirementarestill considerablyessthanthoseof [5]
and[6].

The compleity of computationof route blocking for
thetechniquepresentedh [5] is for x edrouting,
which limits its applicabilityto smalldensenetworks. We
highlight this computationabdwantageby presentinge-
sultsof time taken for computatiorfor two networks, the
6-nodering andthe 21-nodeARPA-2 network, in Tablel.
All computationsveredoneon a SunUltra SRARC sys-
temrunningat 150 MHz andtheloadwaschoserthrough
simulationssuchthatthe averagenetwork blockingproba-
bility was . Themaximumhop-lengthwaslimited to
3 in the 6-nodering, and4 for the ARPA-2 network. As
canbeseenfrom theresults the IndependencandCorre-
lationModelsarefar superiorto thatof [5] in termsof time
compleity. Although,notexplicitly evident,thelndepen-
dencemodelgivesexactlythe sameresultsasthemodelin
[5]. Thisis becausdoth modelsmake the sameassump-
tions, and calculatethe numberof free wavelengthscor
rectly, albeitin differentways,undertheseassumptions.

B. NumericalResults

We now presentesultsof bothour techniquedor ava-
riety of topologiesandcomparethemagainstsimulations
to studytheir accuray.

For x edrouting, 4 topologieswere chosena 6-node
ring, a 12-nodering, a 13-nodeMeshnetwork (Figurel),

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 1.73 6.52
TABLE |

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.

andthe 21-nodeARPA-2 network (Figure 2). The ring

networks were chosento studythe ef cacy of our meth-
odswhenappliedto sparsenetworks, andthe Meshand
ARPA-2 werechoserasexamplesof two arbitrarytopolo-
gies. Calculationsare shawvn for 32 wavelengths. The
maximum hop length was restrictedto 3 for the 6-node
ring, 6 for the 12-nodering, and5 for the 13-nodeMesh
andthe 21-nodeARPA-2 network. The numberof routes
consideredare 18 in the 6-nodering, 72 in the 12-node
ring, 73in the Meshnetwork, and76 routesin the ARPA-

2 network. Theaccurag of our modelswerestudiedun-
derthreedifferenttrafc patterns.They canbe compactly
written by the equation

(32)

where isthetrafc ona -hoppath. Threevaluesof
werechosen:

: Uniform Traf c,

: Trafc dominatedby smallerhop routes(low
correlation)and

: Trafc dominatedoy larger hoproutes(signif-
icantcorrelation).

For simulations4,00,00Ccallsweretakenin eachbatch
and 20 batcheswererun for eachload. The datapoints
reportedarethemidpointsof the95%con denceintenals.
Whenusingthe iterative algorithmfor analysis,terations
werestoppedvhenblockingestimatesn successe steps
differedby lessthan

We now discussour resultsfor eachtraf ¢ patternand
network. Due to lack of space,we shav resultsof the
uniformtrafc patternonly for themesh ARPA-2 and12-



nodering with 32 wavelengths,and resultsof the non -

uniform patterny( , and ) only for the 12-

nodering andthe ARPA-2 Networksfor 32 wavelengths.
However, resultsfor othernetworks andwavelengthsun-

derthesetrafc patternsare similar andthe obserations
we malke arevalid for themalso.

For the ARPA-2 network (Figure 3) aswell asfor the
13-nodeMesh network (Figure 6) we obsere that the
Independencélodel gives reasonablesstimatesfor the
blocking probabilityunderuniformtrafc ( ) since
thenetworksarewell connectedTheestimate®bviously
improve whenthe multi-link trafc is less( ) as
shawvn for the ARPA-2 network in Figure4 becaus®f re-
ducedcorrelation. However, when correlationincreases
( ), theresultsof the Independencenodeldegrade
for the ARPA-2 network (Figure5) indicatingthatthe ap-
proximationthatsetsof wavelengthson adjacentinks are
independenis no longer a good one. The Correlation
Model is seento give fairly good resultsfor both these
topologiesunderall trafc conditionsas canbe expected
from the original formulation.

Resultsof the 12-nodering network accentuatéhis dif-
ferencein the Correlationand the Independencenodels
in handling wavelengthcorrelation. The Independence
model overestimateghe blocking for the 12-nodering
(Figure7).Theresultsimprove only maginally for the 12-
nodering undernon-uniformtrafc with reducedcorre-
lation ( ) (Figure 8) andthe estimatesare off by
morethantwo ordersof magnitudewhenthe correlation
increaseg ) (Figure9) con rming resultsof previ-
ousresearcherthat sparsenetworks introducesigni cant
wavelengthcorrelation. The accurag of the Correlation
Model in handlingthis correlationis con rmed by appli-
cationto suchnetworks. Underall trafc patterndor both
thering networksit is seento give reasonablestimates
We henceconcludethat the Independencélodel gives
fair estimatedor topologieswvhich arewell connectednd
have trafc patternghatresultin low to mediumcorrela-
tion, while the CorrelationModel may be usedon a wide
variety of networks even whenconnectiity is sparseand
trafc patternsnducelarge correlation.

V1. FIXED ALTERNATE AND LEAST LOADED

ROUTING

We have extendedthe Independencélodel to analyse
the Fixed Alternateand LeastLoadedRouting schemes.
However, we do not presenthetheoryheredueto lack of
spacebutinsteadshav two plotsfor theseschemesln Fig-
ure 10 we have plottedtheresultsfor the 6-nodering with
16 wavelengthsaandFixedAlternateRoutingfor aresera-

tion parameter of andobsere thatthe resultsare
reasonablyaccuratdor analyticalpurposes.in Figurell
we have plottedresultsfor a 4-nodefully connectedhet-
work with 16 wavelengthsand LeastLoadedRoutingfor
a reseration parameteiof . Again it is seenthat
theresultsarefairly accurate We arestill researchinghe
problemof estimatingthe correlationcoefcients for the
CorrelationModel undertheseschemesndhencedo not
shaw ary plotsfor it.

The computation requirementsfor Fixed Alternate
Routingare where s the to-
tal numberof nodepairsand is the averagenumberof
routesfor eachnodepair. Thisassumeshatcomputations
aredoneusingtheIndependenc®odel. Thecomputation
requirement$or LeastoadedRoutingaresimilarto those
of [5] becausenly two hopswere consideredalthough
our analysiscan clearly be extendedto larger numberof
hopswithout worseningthe compleity.

VIlI. CONCLUSIONS

We have proposedtwo analytical techniquesof low
compleity, the Independencéodel andthe Correlation
Model, for the study of wavelengthroutednetworks with
arbitrarytopologyandtrafc patterns.Throughcomputa-
tions we have shavn thatthe Independencélodel gives
goodestimatesvhenthe network is well connectedvhile
the CorrelationModelis accuratdor bothsparseandwell
connectednetworks under x ed routing. We have also
shawvn, by analysingheir compleity andthroughnumer
ical computation that thesetechniqueshave low compu-
tationalrequirementsindaresuitablefor analysisof large
networks. The Independencéodel in particular hasa
complity which is independenbf hop-length. Also, it
givesthe sameestimatesasthe modelin [5], without suf-
fering from the exponentialcomputatiorbottleneck. The
CorrelationModel also haslow computationalcost, but
is however not insensitve to the directionin which we
proceedalong a route when we computethe blocking
probabilityandmay leadto incorrectresultsunderhighly
skewed trafc patterns. We have also extendedthe In-
dependenc#odel to study Fixed Alternate Routingand
LeastLoadedRoutingandfoundit to give reasonablee-
sults,thoughmoreexperimentsarerequiredto thoroughly
analysdts ef cacy.

A possiblebottleneckin ourtechniquess thatof round-
off errors. In the inclusion-&clusion equation(9), the
combinatoriaterm becomesxtremelyhugefor large ca-
pacities( wavelengths)and whenmultiplied by the

A reserationparametepf signi®esthataroutemusthave atleast
freewavelengthdf it is to beusedasanalternateroutefor a call.



probabilityterm canintroducesigni cant round-of errors
if the blocking probabilitiesaresmall ( ). Thisre-
sultsin blocking probabilitiesthat are negative or greater
thanl. Hencewe feel thatcautionmustbe usedwhenus-
ing this techniquefor analysingnetworks with very large
capacitiesat very low blocking probabilities. However
currentnetworks have a capacityof around30-40 wave-
lengthsand we feel that our techniquesare adequatdor
analysingthem. A possibleheuristicfor skirting the er-
rorsis to setthe offendingprobabilitiesto zerosincethey
would beextremelysmallin the rst placeto have caused
sucherrors.This mayresultin theiteratve procedurdail-
ing to corvergeandcanbeavoidedby reducingthemaigin
of error We have appliedthistechniquavith somesuccess
andshawv theresultsfor the ARPA-2 network in Figure12
with 64 wavelengthsaand x edrouting. Theiterationswere
stoppedwhenthe blocking estimatesn successke steps
differedby lessthan . As canbeseerfrom Figurel2,
theresultsarereasonablhaccurate.

Several extensionsto our work are possible. An im-
mediatepossibility is to extend our techniqueto include
limited-wavelength conversion. Further techniquesare
requiredwhich can give accurateestimatedor networks
with rst t wavelengthassignmenivhenthe numberof
wavelengthsis large. This is especiallyimportant,since
for large capacitiesthe rst t would yield much better
throughputat low blocking than randomwavelengthas-
signment. Anotherpossibledirectionis to develop more
accurateheuristics,or evenbetter correctexpressiongor
wavelengthcorrelationbetweeradjacentinks whichis in-
sensitve to the directionin which we tracea route while
calculatingblockingprobabilities.
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Fig.1. A 13-nodel8-link meshnetwork

Fig.2. The21-node26-link ARPA-2 network
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