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Abstract

Recentadvancesin photonicswitching have paved the way for realizingall-optical time switchednetworks. The
currenttechnologyof WavelengthDivision Multiplexing (WDM) offers bandwidthgranularitythat matchepeakelec-
tronic transmissiorspeedy dividing thefiber bandwidthinto multiple wavelengths However, the bandwidthof asingle
wavelengthis too large for certaintraffic. Time Division Multiplexing (TDM) allows multiple traffic streamgo share
the bandwidthof a wavelengthefficiently. While introducingwavelengthcorvertersandtime slotinterchangergmprove
network blocking performanceit is often of interestto know the incrementabenefitsofferedby every additionalstage
of switching.

As all-optical networksin the future are expectedto employ heterogeneouswitchingarchitecturesit is necessary
to have a generalizechetwork modelthatallows the study of suchnetworks undera unified framework. In this paper
a network model, called Trunk SwitchedNetwork (TSN), is proposedo facilitate the modelingand analysisof such
networks. An analyticalmodelfor evaluatingthe blocking performancef a classof TSN'sis alsodeveloped.

With the proposedramework, it is shavn thata significantperformanceémprovementcanbe obtainedwith a time-
spaceswitch with no wavelengthcorversionin multi-wavelengthTDM switchednetworks. The framework is also
extendedto analyzethe blocking performanceof multicasttree establishmenin optical networks. To the bestof our
knowledge, this is the first work that provides an analyticalmodel for evaluatingthe blocking performancefor tree
establishmenin an optical network. The analyticalmodel allows a comparisorbetweenthe performanceof various
multi-casttreeconstructioralgorithmsandthe effectsof differentswitcharchitectures.
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. INTRODUCTION

WavelengthDivision Multiplexing (WDM) hasemegedasan efficient mechanisnfor informationtransportin all-
optical networks. WDM divides the available fiber bandwidthinto a set of wavelengths(WDM channels). Early
researchin optical networks focusedon single-fibermulti-wavelengthwavelength-routechetworks. Nodesin these
networks canswitchwavelengthsacrossorts. A WavelengthCorverter(WC) is a device thatallows the signalon one
wavelengthto be corvertedon to anotherwavelength. If wavelengthcorvertersare not available,a call arriving at a
nodeon a certainwavelengthhasto be switchedto the samewavelengthat the output. Althoughwavelengthconverters
improve network blocking performancethe high costof wavelengthcorvertershasmadeit impracticalto employ full-
wavelengthcorversionatall nodes.Therole of wavelengthcorvertersin wavelength-routeashetworks hasbeenstudied

in [1], [2], [3], [4], [5], and[6]. Therole of sparse-wvelengthcorversion,whereonly afew nodesn the network have

Theresearchieportedn thispaperis fundedin partby theNationalSciencd=oundatiorundergrantANI-9973102 DefenseAdvancedResearch
ProjectsAgeng and National Security Ageng/ undergrantN66001-00-1-8949andthe David C. NicholasProfessorshig-und at lowa State
University.



full-wavelengthcorversioncapability hasbeenanalyzedn [6]. The effect of limited-wavelengthcorversion,wherea
giveninput wavelengthcanbe corvertedinto a setof, but not all, outputwavelengthshasbeenstudiedin [7] and[8].
Multi-fiber multi-wavelengthwavelength-routechetworks have beenshawn to offer blocking performancesimilar to
thatof networksthatemploy limited- or sparse-wavelengthconversionin [9], [10], and[11].

WDM offersbandwidthgranularitycloseto the peakelectronictransmissiorspeed.The bandwidthof a singlewave-
lengthis too largefor certaintraffic requirementsWhile sometraffic may have arequiremenbf fractionalwavelength,
anothettraffic thatis alreadyusingafull-wavelengthmight wantto expandits capacity but notwantto payfor anentire
new wavelength.This motivatesthe needfor providing fractionalwavelengthcapacityto the network traffic.

Provisioning fractionalwavelengthcapacityis achiezed by dividing a wavelengthinto time slotsand multiplexing
traffic on the wavelength. The resultingoptical time division multiplexed networks (WDM-TDM networks) can be
classifiedinto two cateyories[12]: dedicated-wavelengthTDM (DW-TDM) networks and shared-vavelengthTDM
(SWTDM) networks. In DW-TDM networks, eachsource-destinatiopair is connectedy a lightpath wherea light-
pathis definedasanall-opticalconnectiorbetweertwo nodes.Callsbetweerthesourceanddestinatioraremultiplexed
on thelightpath. If the bandwidthrequiredby a new call at a nodeis not availableon ary of the existing lightpathsto
the destinationa new lightpathto the destinationis established.On the otherhand,in SW-TDM networks, if a call
cannotbe accommodatedn an existing lightpathto the destination,it is allowed to be multiplexed onto an existing
lightpathto anintermediatenode. The call is thenswitchedfrom the intermediatenodeto the final destinatioreither
directly or throughothernodes.However, if noneof the existing lightpathsfrom the nodecanaccommodatéhe call, a
new lightpathto thedestinationis established.

Theperformancef SW-TDM networksdependn efficient meging of thefractionalwavelengthrequirementsf the
nodesnto afull oralmost-fullwavelengthrequirementThis meging of traffic from differentsource-destinatiopairsis
calledtraffic grooming Nodesthatcangroomtraffic arecapableof multiplexing/de-multipexing lower ratetraffic onto
awavelengthandswitchingthemfrom onelightpathto another Thegroomingof traffic canbeeitherstaticor dynamic.
In statictraffic grooming,the source-destinatiopairs whoserequirementwill be combinedare pre-determined.In
dynamictraffic grooming,connectiorrequestsrom differentsource-destinatiopairsarecombineddependingon the
existing lightpathsatthetime of requestrrival.

Recentadwancesn opticalswitchingtechnologyasin [13], [14], and[15], have shavn thepossibility of realizingfast
all-optical switcheswith switchingtime lessthana nanosecondThe useof suchfastswitchesalongwith fiber delay
lines astime-slotinterchanger$16], [17] have openedup the possibility to realize optical time switchednetworks.
Thesenetworks will be referredto asWDM-TDM Switdhed networks in the restof this paper Connectionbetween
a sourceand destinationin a WDM-TDM switchednetwork is realizedby assigninga time slot on every link of a

chosemath,with the constrainthatthe slot on onelink canbe switchedto the next link by theintermediatenode.The



WDM-TDM switchednetwork canbeconsidere@saspeciakcaseof SW-TDM network, whereall thenodesn network
are capableof groomingtraffic andlightpathsto the neighboringnodesare establishegpermanently The bandwidth
granularityofferedby a WDM-TDM network is determinedby the durationof a time slot which, in turn, dependsn
the speedat which the switchingcanbe accomplishedln generalan WDM-TDM switchednetwork is a multi-fiber,
multi-wavelength, TDM-switchedall-optical network.

Routingindividual slot dynamicallyrequiresinformationprocessingn opticaldomain. However, thetechnologyin
opticalprocessingndstoragehasnot maturedo achiese run-timeroutingdecisionsat high-speedsTherefore WDM-
TDM switchednetworks areexpectedto be circuit-switdhedin nature.As theinformationin atime slot is not readby
anintermediatenodeat run-time,the switchingemplo/ed hereis alsoreferredto astranspaentoptical switching.

In [12], asingle-fibermulti-wavelengthTDM-switchednetwork hasbeenanalyzedor blocking performanceasan
extensionof thelink-independene modelproposedor wavelength-routedhetwork in [3] and[4]. The equivalenceof
single-fibermulti-wavelengthTDM-switchednetwork to multi-fiber multi-wavelengthwavelength-routedhetworks has
beenshavn in [10] and[11]. A wavelength-routedhetwork is a specialcaseof WDM-TDM switchednetwork when
every wavelengthhasonetime slot.

It is well understoodhat all-optical networks in the future would compriseof nodesthat employ heterogeneous
switching architectureslike wavelength-routingswitch, WDM-TDM switch with or without wavelengthcorversion,
etc. The existing work on the analysisof optical networksin literaturestudytherole of switchingfunctionalities like
wavelengthcorversion time slotinterchangeetc. in isolation. In otherwords,the network modelthatis consideredhas
nodesthateitherhave or do not have the specificfunctionality thatis studied.However, in orderto analyzea network
with nodesemplo/ing heterogeneouswitchingarchitecturesit is necessaryo have a generalizechetwork modelthat
would enablethe modelingof realisticnetworks andevaluatethemundera unified framework. In this paper a network
model,calledTrunk SwitchedNetwork (TSN), is proposedo facilitatemodelingandanalysisof suchnetworks.

The paperis organizedasfollows: Sectionll describesDM-TDM switchednetwork architectures.Sectionlll
introducesthe conceptof a trunk switchednetwork and modelingof a WDM-TDM switchednetwork asa TSN. An
analyticalmodelfor evaluatingthe blocking performanceof a classof TSN'’s is developedin SectionlV. The model
is thenextendedfor evaluatingblocking performancdor tree establishmenin SectionV. A multi-wavelengthTDM
switchednetwork is analyzedusingthis framewvork andthe network blocking performancds comparedagainstthree
differentswitcharchitecturesSectionVI discussetheperformanceesultsobtainedusingtheanalyticalmodel.Section

VIl concludeghepaper



II. WDM-TDM SWITCHED NETWORKS

A WDM-TDM switchednetwork consistsof switching nodesinterconnectedy one or more optical fibers. Each
fiber carriesa certainnumberof wavelengths.Eachwavelengthis divided into frameswhich are further sub-dvided
into time slots. Let L denotethe numberof links at a node, F' denotethe numberof fibers perlink, W denotethe
numberof wavelengthperfiber, andT’ denotethe numberof time slotsperframeon awavelength.

Every slot within aframecanbedenotedby a 4-tuple,(l, f,w,t), wherel <[/ < L, 1< f < F,1 <w < W, and
1 <t < T. Forexample,thetuple (1,1, 2, 1) (readfrom right to left) denotedirst time slotin a frameon the second
wavelengthof thefirst fiberonthefirstlink. A channelonalink is definedasa collectionof a particulartime slotacross
successie frames.Hence thenumberof channelsn alink is the sameasthe numberof slotsin aframe,F x W x T.
Eachchannels alsorepresentedly a 4-tuple,(l, f, w,t), similar to therepresentationf aslot. It canbe obsered that
if aframehasonly onetime slot,T = 1, aWDM-TDM switchednetwork reducego a multi-fiber multi-wavelength
wavelength-routedhetwork. A switch at a nodemapsan input channelto an outputchannel. The constraintson the
mappingof aninputchanneko anoutputchanneis determinedy the natureof the switch.

The simplestswitch architecturas a spaceswitch. In this switch,aninput channel(l, f, w, t);, couldbe mappedo
anoutputchannel(l, f, w,t),, if andonly if t; = t,, w; = w,, and f; = f,. With atime slot interchange(TSlI), an
inputchannel(l, f,w, t); couldbe mappedo anoutputchannel(l, f,w, t),, wheret; # t,, by delayingthe signals.A
combinationof time andspaceswitchingcanbe emplg/edin multiple stagedo realizemorepermutatiorof spaceand
time. If the switchesdo not employ wavelengthcornversion,thenthe wavelengthof theinputandoutputchannelsmust
bethe same hencew; = w,. In networks with multiple fibersconnectingwo nodesaninput channel(l, f,w, t);, can

bemappedo anoutputchannel(l, f, w, t),, wheref; # f,.

1. TRUNK SWITCHED NETWORKS

A trunk switchednetwork (TSN) consistf switchingnodesnterconnectetby links. Eachlink hasa setof channels.
Thenumberof channelsn alink, denotedby C, is the sameon all thelinks in the network. A nodein a TSN views a
link asasetof K trunkswith S channelgertrunk,whereK'S = C. Fig. 1 shavs thenodearchitecturén aTSN. The
nodehasfour links connectedo it. Eachlink is viewed asa setof 4 trunksby the node.Switchingat every nodeobeys
thefollowing two conditions:

« A full-channelinterchange(FCl) is emploed attheinput for every trunk, asshavn in Fig. 1.

« Switchingat a nodeobeys trunk-continuityconstraintj.e., the channelannotbe switchedacrosgrunks.

The definition of a trunk could be differentacrossnodes. For example,one nodecould view a link as K7 trunks
with S; channelsper trunk while anothemodecould view the link as K, trunkswith S, channelsper trunk, where

K151 = K255 = C. Fig. 2 shavstwo nodesin a TSN connectedy alink. Theinputto switchfrom otherlinks atthe



nodearenotshawvn in thefigure. Fig. 2(a)shavs two nodeghatview thelink asa setof 4 trunks.In Fig. 2(b), thefirst
nodeviews thelink as3 trunkswhile the secondhodeviews thelink as4 trunks.

A TSNis saidto be homaeneousf the collectionof channelghat constitutea trunk at a nodeis the samefor all
thenodesin the network. Otherwise,|t is saidto be hetepgeneous The nodesshowvn in Fig. 2(a) couldform a partof
homogeneou$SNif thechannelghatconstitutea trunk for thetwo nodesarethe sameasthatat therestof thenodes.
Notethattwo nodescouldview alink asasetof K trunks,but couldstill be heterogeneoui$ the channelswithin the
trunksarenotidentical. Ontheotherhand,thenodesshavn in Fig. 2(b) form a partof a heterogeneousSN. Although
thetrunk definitionis the samefor all the nodesin a homogeneou3 SN, the switchingemployed within a trunk could
be differentat differentnodes.As channelscannotbe switchedacrossrunksat a node,by the definition of atrunk at
thenode,ahomogeneou$ SN imposesan end-to-endrunk-continuityconstaint onthe connections.

A trunkonalink, asviewedby anode,is saidto bebusyif all thechannelsn thetrunk arebusy, otherwiseit is said
to befree Fig. 3 shavs anodein a TSN andoneof its inputandoutputlinks. Thelink is viewedasa setof 4 trunksbhy
thenode.The numberof channeldusyonatrunk attheinput of anodeis the sameasthe numberof channeldusyon
thetrunk attheinputto the switchat the node.However, the distribution of the busy channelson thetrunk atthe input
of thenodeis differentfrom thatat theinput of the switch. Thenumberof trunksbusyattheinput of anodeis thesame
asthenumberof trunksbusy attheinput of the switchatthatnode.

Considera trunk on atwo-link path(atrunk at the input andoutputof the nodeshowvn in Fig. 3). Thetrunkis said
to beavailableon the two-link pathif thereis a free channelin the trunk on thefirst link thatcanbe switchedby the
nodeto afree channelin the secondink, subjectedo the constraintsof the switch. Hence,if atrunk s free on two
links individually, it doesnot necessarilymply thatthetrunk is availableon the two-link path. For example,consider
ascenariovhenthe switchat the nodeshavn in Fig. 3 is a space-onlyswitcht. Hencechannelcontinuity constraintis
imposedby the switch. Also, assumeéhatthereare5 channelgertrunk. Let channelsl and2 on a trunk be busy at
the input of the switchandchannels3, 4, and5 be busy at the outputof the switch. The free channelsat the input of
the switch (hence atthe node)cannotbe switchedto the free channelsat outputof the switch. Hence thetrunkis not
availableon thetwo-link path.

A connectiorbetweera sourceanddestinatiors establishedver a path. Eachpathconsistof a setof links andthe
numberof links in a pathdenoteghe lengthof the path. The selectionof a pathin the network could be eitherstaticor
dynamic.A connectiorbetweena sourceanda destinationover a pathis realizedby assigninga channelon eachlink
on the pathsuchthatevery nodeon the pathcanswitchthe channelassignedn its input link to the channelassigned

onits outputlink. A call is saidto beblockedif suchachannelssignmenis not possible.

! Althoughthe switchat a nodeis space-onlythe nodebehaeslik e a channel-spacswitch.



Multicastconnectionsareestablishedn thesenetworks by copying the signalin aninput channelandswitchingthe
individual copiesto multiple outputchannels.However, it is constrainedhatall the copiesof theinput signalshould
remainwithin the sametrunk. Hence this copying will alsobereferredto asintra-trunk copying. Therefore thetotal
numberof copiesthatcanbemadefrom aninputsignalis limited by thenumberof channelsvithin atrunk. Thenumber

of copiesthataremadefrom aninput signalis referredto asdegreeof splitting.

A. Modelinga WDM-TDMswitchednetworkasa TSN

A WDM-TDM switchednetwork canbemodeledasa TSN. Althoughatrunk canbedefinedasanarbitrarycollection
of channelspnly afew suchcollectionsmake a meaningfultrunk definitionin reality Somepossibletrunk definitions
atanodearediscussedherewith anexample.

Considera link with onefiber, 4 wavelengthsper fiber and5 time slotsperwavelength(F = 1, W = 4, T = 5).
Eachslotonalink [ is denotedby a4-tupletuple(l, f,w,t), wheref = 1,1 <w < 4,andl <t <5.

« If timeslotinterchangendwavelengthcornversionarenotpermitted then,for ary link I, eachwavelengthandtime
slotcombinationcanbetreatedasatrunk,i.e.,Tr(wyt) = {(l,1,w,t)}. In thiscasealink is viewedasWT trunks
with onechannebpertrunk.

« If time slotinterchangas permitted,but not wavelengthcorversion,thenfor a givenlink I, every wavelengthcan
beconsideredsatrunk,i.e.,Tr, = {(I,1,w,t)|1 <t < T}. Thus,alink is viewedasW trunkswith T' channels
pertrunk. Notethat,the switchat a nodeneednot provide full-permutationswitchingcapability

« If full-wavelengthcorversionis permitted,but not time slotinterchangethenfor a givenlink [, atime sloton all
thewavelengthscanbegroupedo form atrunk,i.e.,Tr, = {(I,1,w,t)|1 < w < W}. Thus,alink is viewedasT'
trunkswith W channelgpertrunk.

« If bothfull-wavelengthcorversionandtime slot interchangeare permitted,thenthe entirelink is treatedasone
trunkwith WT channels.

A multi-fiber multi-wavelengthwavelength-routechetwork with F' fibersandW wavelengthswith no wavelengthcon-
versioncanbeviewedasW trunkswith F' channelpertrunk. If full-wavelengthcorversionis available,thena link
canbeviewedasasingletrunkwith FW channelsHowever, networksthatemploy limited-wavelengthconversion,as
definedin [7] and[8], cannotbe modeledeasilyor effectively asa TSN, asfull-permutationwavelength-cowersn is

notemployed.

IV. ANALYSIS OF TRUNK SWITCHED NETWORKS

Considera trunk switchednetwork with N nodes.An analyticalmodelfor evaluatingthe blocking performances

developedin this sectionbasedn the following assumptions:



« Thecall arrival atevery nodefollows a Poissorprocessith rate \,, andis equallylikely to bedestinedo ary other
node.Thechoiceof Poissortraffic is to keepthe analysigractable.
« Thebandwidthrequirementf every call is assumedo be of onechannekapacity

« Theholdingtime of every call follows anexponentialdistribution with meanﬁ . TheErlangloadofferedby anode

is pp, = ’\7"

« Thepathselectionis pre-determinedfixed-pathrouting),eg: shortest-path.

« Blockedcallsarenotre-attempted.

« A callis assignedh channerandomlyfrom a setof availablechannels.

The network blocking probability is computedasthe averageblocking probability experiencedover differentpath
lengths.Considera z-link pathmodelasshawvn in Fig. 4.

Let P,(T) denotethe probability of T trunksbeingavailableon a z-link pathasviewed by the last nodeon the
pati? (nodez). Thedefinitionof thetrunk is asviewed by the nodedenotedby the suffix for P. P,(Ty = 0) denotes
the blocking probability over the z-link path. The ensembleaverageof the network blocking probability denotedby
P,, is obtainedas:

N-1
P= Y P(T; =0)P(2) &
z=1

whereP(z) denotegheprobability of selectinga z-link path. P(z) depend®nthenetwork topologyandroutingstrat-
egy employedin the network, andcanbe easilycomputedor mostregularnetwork topologiesandrouting stratejies.

Let P, (T, T;) denotetheprobabilityof Ty trunksbeingavailableona z-link pathwith 7; trunksfreeonthelastlink.
It canbe seerthatthelastlink shouldhave at-leastl’; trunksfree,thereforel; > Ty. P,(Ty) canthenbewritten as:

K.

P.(Ty) = Y P.(Ty,T)) (2)
T,=Ty

whereK, denoteghe numbertrunksin thelink asviewedby nodez.

A z-link pathis analyzedasatwo-hoppathby consideringhefirst z — 1 links asthefirst hopandthelasttwo links
asthe secondhop,asshavn in Fig. 4. Let T}, andT}, denotethe numberof trunksavailable on the first hop andthat
which arefreeonthelastlink of thefirst hop(link z — 1), respectrely, asviewedby thelastnodeon thefirst hop(node
z —1). Let T1 andT; denotethe numberof trunksfree on thefirst hopandnumberof trunksfree on thelastlink of the

firsthopasseerby thenodein thesecondhop(nodez). P,(T,T;) canthenberecursvely computedas:

Kz—l Kz—l K; Kz

PTr,T) =Y Y > S Poi(ThT,) P(Ty, T|Th, T,) P(Ty, T)|T1, To) 3)
Th=0Tp=Tp T :Tf To=T1

2Thedestinatioris not consideredisthelastnodein the path.



where P(T'y,T;|Ty, T>) denoteghe probability of 7' trunksbeingavailable on the seconchop with 7; trunksfree on
the lastlink of the secondhop giventhatT; trunksare available on the first hop with Ty trunksfree at the input to
the nodeon the secondhop. P(T1,T»|T}, T,) denoteghe probability thatthe numberof trunksavailable on the first
hop andnumberof trunksfree on the lastlink of thefirst hop asviewed by the nodein the secondhopareT; andTs,
respectiely, giventhatthetrunk availability asviewedby thelastnodeonthefirst hopis 7}, andTj,. For homogeneous

TSN's, P(T1, T5|Ty,, T)) is definedas:

1 if T, =14 andTp =15
P(T1, To|Th, Tp) = { 0 otherwise “)
For ahomogeneou$ SN, Eqn. (3), therefore reducego:
TfaT'l Z Z P, 4 Th7 ) P(TfaT'l|Th7Tp) (5)

Th=T; Tp=T,

whereK denoteshenumberof trunksin alink asviewedby thenodesn thenetwork. Thecomputatiorof P(Ty, Ts|Th, T))
for differenttrunk definitionsis beingstudiedby the authors. Hence the scopeof theanalysispresentedh this paperis
limited to homogeneou$SN’s.

Thestartingpoint of therecursionfor z = 1, is definedas:

P(T) ifT;=T,

P(Ty,T) = {0 otherwise ©)

whereP(T;) denoteshe probabilityof 7; trunksbeingfreeonalink. Thecomputatiorof P(T;) is discussedh Section
IV-B.
P(Ty,Ti|Th, Tp,) is computedby conditioningon the numberof trunksfreeonthelastlink as:

P(T¢|Th, Ty, Ty) P(T1|Th,Tp) it T) > Ty
P(Tf>Tl|Th>Tp) = (7)
0 otherwise

where P(T;|T}, T,) denoteshe probability of T; trunksbeingfree on the lastlink giventhat7}, trunksare available

onthefirst hopwith T;, trunksfree on thelastlink of thefirst hop. The numberof trunksfree on thelastlink depends

on the numberof trunksfree on the previous|links. If the correlationof traffic on alink is assumedo be only dueto

its previous link, thenit is referredto asthe Markovian correlation With the assumptiorof Markovian correlation,
P(T;|Ty, T,) canbereducedo P(7;|T,). Hence Eqn. (7) canbewritten as:

P(TfaTvl|Than) = (8)
0 otherwise

P(T¢|Ty, T, T;) denotesthe probability that Ty trunks are available on the two-hop pathgiven that 7; trunksare

free on the lastlink and T}, trunks are available on the first hop with T}, trunksfree on the lastlink of the first hop.



P(T¢|Th, T, T;) is computeddy consideringatwo-link pathasshavn in Fig. 5. The numberof trunksfree on thefirst
link andthatwhich arefree on the secondink aredenotedby T, andT;, respectiely.

Thetrunk onatwo-link pathcanbein ary oneof thefollowing four statesasshowvn Fig. 6:

« Casel: Thetrunkis busyon boththelinks. Thetrunk canbeeitherpartially or fully occupiedoy continuingcalls.
Let V. denotethenumberof trunksbusy on boththelinks.

« Case2: Thetrunkis busyonthefirst link but notonthesecond.

« Cased: Thetrunkis busyonthesecondink but not onthefirst.

« Case4: Thetrunkis freeon boththelinks. Let T}, denotethe numberof trunksfree on both thefirst andsecond
links. However, this doesnotimply thatthesetrunksareavailableon the two-link path. Let T, (T, < T3) denote
the numberof trunks available on the two-link path. Whenthe nodeconnectingthe two links emplgys a full-
permutatiorswitch,atrunk is availableon thetwo link pathif it is freeon boththelinks. Hence T, = T,.

Let P(T,,T|T,, T;) denotethe probability that T}, trunksarefree on both the first andsecondink with T, among

thembeingavailableonthetwo-link pathgiventhatT, and7; trunksarefreeon thefirst andsecondinks, respectiely.
P(T¢|Ty, T,, T;) canthenbewritten as:

min(Ty,T}) min(Tp,T})

P(Tf|Th’Tp5,I'l) - Z Z P(Tf|TaaTb7ThanaT1l) P(TaaTb‘Tp’T'l) (9)
T,=T;  Tp=

where P (T}|Ty, Ty, Ty, T, T;) denoteghe probability of T’ trunksbeingavailableon the two-hoppathgiventhat T},
trunksareavailableon thefirst hop, T}, trunksarefreeonthefirst link (thefirstlink in thetwo-link modelis thelastlink
onthefirst hop),T; trunksarefreeonthesecondink, Ty trunksarefree on boththefirst andsecondink and7, among
themavailableonthetwo-link path.

Fig. 7 shavsthepictorial view of thedistribution of freetrunksonthelastlink of thefirst hopandthatof thetwo-link
pathmodel. Fromthisfigure, P(Tt|Tq, T, Th, Tp, T;) canbecomputedalongthelines of thefollowing agument.

Assumethat T, trunksarefree onthelastlink of thefirst hopwith 7}, amongthemavailableon thefirst hop. Also
assumehatT, trunksarefree onthefirst andsecondink of thetwo-link pathwith T,, amongthembeingavailableon
the two-link path. Amongthe T, availabletrunkson the two-link pathexactly 7'y trunksoverlapwith the T}, trunks
available on the first hop. The remainingtrunksthat are available on the first hop, T;, — T, arenot available on the
two-link path. This couldoccurin two cases(1) thecorrespondingrunkis busyonthesecondink of thetwo-link path,
or (2) thetrunkis free on the secondink but is not available on the two-link path(dueto switchingconstraints).The
numberof trunksthatsatisfythe latter caseis T;, — T,,. Therequiredprobabilityis computedoy assuminghat; of the
trunksthatarefree on boththe first andsecondink, but not availableon the two-link path,overlapwith theremaining

Ty, — Ty availabletrunksof thefirst hop. Thetrunkson the secondink correspondindo the remainingT}, — T — j
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availabletrunksonthefirst-hoparebusy Thus,P(T|T,, Ty, Th, Ty, T;) canbewritten as:

() @) = (T ™) (10

() (z})

wheremaxz (0, Ty + T, — T, — Ty) < j < min(T), — Ty, T, — Ty ). For the specialcasewhenthe switchatanodehas

P(Ty|T,, Ty, Ty, Tp, Th) =

full-permutationswitchingcapability the above equationreducego:
() (222h)
%f— if Ty, —Ty <T, —Tp
P(Tf|Ta7Tb7Th7Tp71—'l) = Ta (11)

0 otherwise.

Also, for this case,P(T,, Ty|Ty, T;) = 0 if T, # T;,. Hence Eqn. (9) canbewritten as:

min(Tp,T;)
P(TflThan’T'l) = Z P(TflTaaTaaThan’T'l) P(TaaTalTpaT'l) (12)
T,=Tj

Theprobabilityvalues,P(Tg, Ty|Tp, T;), P(T1|T}), andP(T;) arecomputeddy consideringaswitchmodelasexplained

in thefollowing subsections.

A. Estimationof call arrival ratesona link

Typically, thenetwork traffic is specifiedn termsof the offeredload betweemodepairs. The call arrival ratesatthe
nodeshave to betranslatednto arrival ratesatindividual links in thenetwork. The computatiorof blocking probability
depend®nthelink arrival rates andthelink arrival rates,n turn,dependnthenetwork blockingprobability However,
if theblockingprobabilityin thenetwork is small,thenits effectonthelink arrival ratescanbeignored.Theestimation
of thelink arrival rateshasalsobeendiscussedh [6].

Considera network with N nodesandL links. The meanpathlengthof a connectionn the network is givenby:

N-1
Ly = Z z P(Z) (13)
z=1

whereP(z) denoteghe path-lengthdistribution. The arrival rateof callsatanodeis denotedby A,,. The averagelink

arrival rate,denotecby ), is computedas:
NATLZGU

A=
L

(14)

To accountfor link-correlation, the arrival ratesof calls to links that continueto a successie links also needsto
be computed. The only known parameterof the pathlength distribution is the meanpathlength, Z,,. Hence,the
probability that a call on a given link will continueto the next link canbe computedin several possibleways. One
possibleapproachs to assumehatthe probability thata call on alink continuesto a next link is independenbf the

numberof links traveledby the call. Hence at eachnode,the probabilitythata call is destinedo thatnodeis given by
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7— Hence the probability thata call is continuingat a givennodeis 1 — . Let thenumberof exit links for a path
atanodebedenotedby F, whereexit links for a pathis definedasthoselinks atanodethatdo notconnecthe nodeto
ary of the previous nodesin the path. The arrival rateof callsto a link ata nodethatcontinueto a specificoutputlink

is denotedby A, = .\, where, is thecorrelationfactorgivenby:

()

B. Freetrunkdistribution

Considera two-link pathmodelasshavn in Fig. 8. Let u,, u;, andu,. denotethe numberof channelsusy on the
first link, numberof channelsbusy on secondink, and numberof channelsoccupiedby calls that continuefrom the
firstlink to the secondrespeciiely. Notethatu, < min(up, ;). Thenumberof channelsusyon atrunk attheinput
of nodel is the sameasthe numberof channeldusy at the input of the switch (after the FCI) at the node,while the
distribution of the busy channelsat the input of the switchis independenbf the distribution at the input of the node.
Also, the stateof atrunk (busy or free) atthe input of the nodeis the sameasthatat the input to the switch. Therefore,
thefirst link asreferredto in this subsectiorwould henceforthcorrespondo thelink viewedat theinput of the switch.

Let )\, denotethe arrival ratefor callsto thefirst link, \; denotethe arrival ratefor calls to the secondink, and .
[Xe < min(Ay, A)] denotethe arrival rate of calls to the first link that continueto the secondink. If thelink loads

areassumedo be uniformly distributed, it follows that A, = XA; = X. The Erlangloadscorrespondingo the calls

thatoccupy thefirst link, secondink, andthatwhich continuefrom thefirst to the secondcanbe written as, p, = %
L= % andp, = 32, respectiely.

The channeldistribution on a two-link pathcanbe characterize@sa 3-dimensionaMarkov chain. The state-space
is denotedby the 3-tuple(u,, u;, u.). Thesteady-statprobabilityfor the statescanbe computedas[18]:

(pp(*pc)"‘”)_'“” pl‘c' (pz(—pc)“l)"“c

o Up—Ue)! Ue! U —Ue)!

T, ;) = KS \~KS<~KS (pPo—pe)i=i pb (p1—pe)h—i (16)
22520 2k

i=j (G NI CE)

where0 < u, < KS,0 <y < KS,and0 < u, < min(up,uy).

Let V}, Vi, andV, denotethe numberof trunksbusy on thefirst link, numberof trunksbusy on the secondink, and
numberof trunksthatarebusyon boththefirstandsecondinks, respectiely. It canbeobseredthatV, < min(V,,V}).
Thenumberof trunksfree on boththelinks is givenby, 7, = K — (V,, + V; — V;). Thenumberof trunksavailableon
the two-link pathis denotedby T;,. The state-spacef the trunk distribution is capturedby the 4-tuple(V}, V;, V;, T,).

The steady-staterobability of the statescanbe computedoy conditioningon the channeldistribution, (u,, u;, u.) as:

KS KS KS
’(/}(V})a‘/la‘/caTa) = Z Z Z P(V;Ja‘/la‘/caTalupaulauC) H(Up,Ul,uc) (17)

Uc=0 Up=TUc U =Uec
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whereP (V,, Vi, V¢, Ty |up, ur, u.) denotesheprobabilitythatthetrunk distribution is in state(V,,, Vi, Ve, T,) giventhat
the channeldistribution is (uy,, w;, u.). The following probability valuesthat are requiredto completethe analytical

model,describedn the previous section,canthenbe derived from theabove steady-statprobability

¢(K_TpaK_ﬂaK+Tb_Tp_11laTa)

P(T,, T,|T,,T;) = . , (18)
? ’ ZZI“:"éTp,TI) ZggﬁTp’n)w(K_TpaK_TlaK‘f’tb_Tp _Tlata)
S o) s Tn T gy (K — Ty K — Ty, K + ty — Ty — T, ta)
P(TTy) = o5 min(Ty ) (T i) (19)
Etlzo ta=0 th:() ¢(K - Tpa K—t,K+1t— Tp -, ta)
K min(tpaTl) min(tpaTl)
PM)=3% > Y K-ty K-T,K+t,—t,—Tjta) (20)
tp,=0 t,=0 ty=ta
Thetrunk occupang probability for a givena channeMlistribution, is computedas:
N (V,,, Vi, Vi, T,
P(%’W,%,Ta|up,uc,UZ) — IC—K( Y2 I» Ve a|Up,UlaUc) (21)

Ap=k (up, ug, uc)

whereNy (Vp, Vi, Ve, Ty |up, ug, u.) denoteshe numberof waysof arrangingacrossk trunks,u, busy channelson the
first link, u; busy channelson the secondiink, with u. channelsamongthem beingoccupiedby calls that continue
from thefirst link to secondsuchthatV}, trunksarebusy on thefirst link, V; trunksarebusy on the secondink with
V. amongthembusy on both the links, andTj, trunksbeingavailable on the two-link path. A (up,u;, u.) denotesall
possiblewaysof arrangingacrosst trunks,u,, busychannelonthefirstlink, u; busy channelson the secondink with

u. channelamongthembeingoccupiedoy callsthatcontinuefrom thefirstlink to second. A (up, u;, u.) is recursvely

computedas:
min(Suc) min(S,up) min(S,u;)
Ak(upaul,uc) = Z Z Z Al(.’B,y,Z) Ak*l(up —Z, U — Y, Uc —Z) (22)
2=0 r=z y=z

where0 < u, < kS,0 <y < kS, and0 < u, < min(up,y;). Thedefinitionof A, (z,y, z) dependsn the natureof
switch.

N (Vp, Vi, Ve, Ty |up, u, ue) (WrittenasNy(.) for shortdueto spaceconstraints)s assigned if ary of thefollowing
conditionsholdtrue:

e {V;JaWa‘/CaTaaupaulauc} <0
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° {V})aWach;Ta} >k
o {up,u} > kS orue > min(up,w)
o up, < VpSoru <V, S

Otherwisejt is computedecursiely underoneof thefollowing four casesasdescribedn SectionlV, Fig. 6:

Casel: If V. >0

Therequiredprobabilityis obtainedby conditioningon a trunk beingbusy on boththelinks.

kS
Ni(.) = A Z Ai(S,8,2) N1 (Vp, = 1,Vi = 1,V — 1, Ty |up, — S, up — S, ue — 2) (23)
¢ 2=0

Case2: If V. =0,V, >0

Therequiredprobabilityis obtainedoy conditioningon a trunk beingbusy onthefirst link but free onthe secondink.

k min(S—1uc) min(S—1,u;)

Nk() =35 Z Z Al(Sayaz) Nkfl(v}l_15‘/2,‘/05Ta|up_5,ul_yauc_z) (24)
V;’ 2=0 Y=z

Case3: 1f V. =0,V,=0,V,>0

Therequiredprobabilityis obtainedoy conditioningon a trunk beingfree on thefirst link but busyon the secondink.

min(S—1uc) min(S—1,up)
Z Z Al(anaZ)Nk—l(‘/pa‘/l_171/caTa|up_w7ul_Sauc_z) (25)

2=0 =z

Ni(.) =

A

Case4: If V. =0,V, =0,V, =0

Therequiredprobability is obtainedon the conditionthata trunk is free on boththe links. Two possiblecaseseedto
be considered(1) thetrunk is available on thetwo-link pathor (2) thetrunkis not availableon the two-link path. Let
B (z,y, z) denotethenumberof waysof arrangingon atrunk, z busy channelonthefirstlink, y busychannelonthe
secondink, with z channelamongthembeingoccupiedby callsthatcontinuefrom thefirst link to secondsuchthat
thetrunkis notavailableonthetwo-link path.Similarly, let F; (z, y, z) denotehearrangementf thebusychannel®na
trunk suchthatthetrunkis availableonthetwo-link path.It canbeobseredthatF, (z, y, z)+ Bi(z,y, z) = A1(z,y, 2).

Ni/(.) canthenbecomputeds:

Ni() = ET:Z'Q(S—L“C) yomin(S—Lup) E;n:ig(S—l,w) (26)

[Fl(m'ayaz)Nkfl(V})a Wa V'CaTa - 1|up —Z,U; —Y,Uc — Z)
+B]_(.T, Y, Z)Nk—l(‘/pa Wa ‘/caTa|up —IT,U] —Y,Uc — 2 ]
The startingpoint of the recursion(for £ = 1), denotedby Ny (V,, Vi, Ve, To|up, wi, ue), is assigned if ary of the

following conditionshold true:
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1. V,=0andu, =S
2. Vi=0andy; =S
3. Ve = 0 andmin(up, uc) = S.
Otherwiseijt is definedin termsof B (up, u;, u.) andFi (up, u;, u.) as,
Fi(up,u,ue) fT,=1landV, =V, =V, =0
Ni(.) =< Bi(up,uj,u;) ifTg=0 (27)
0 otherwise.

Thedefinitionsof A; (up, uj, uc), Bi(up, ur, ue), andFy (uy, ug, u.) dependon the switcharchitecture.

C. Exampleswitch models

Two kinds of switchesaremodeledn this section:space-onlyswitch andfull-permutationswitch. For a space-only
switch, channelcontinuity constraintis enforcedby the switch. Hence,a call continuingfrom the first link to the
secondoccupiesghe samechannelat the input and outputof the switch. Note that althoughthe switchis space-only
the switching provided by the nodeis channel-spacdueto the full-channelinterchangeat the input of the node. A
full-permutationswitch, on the otherhand,canswitch ary free channelat the input to ary free channelat the output.

For atrunkwith S channelsA; (up, u;, u.) and By (up, w;, u.) aredefinedas:

Space-onlyswitch:
(115;,) (ZZ) (Eli?fc) if 0 < Up, U < S

A (up,ug, ue) = andu, < min(up,u;) (28)
0 otherwise.

() () ("27%) if 0 <wup,up < S

up/ \ue/ \ S—uy
< mi ,and
B (up, up, ue) = e < man(up, ) (29)
Up + U — U > S
0 otherwise.

Full-permutation switch:

(i)(fz) if 0 <wp,up <8
A (up,up, ue) = andu, < min(up,u;) (30)

0 otherwise.

(i)(i) if (up, = S oru = S)
B (up,up, ue) = andu, < min(up,u;) (31)

0 otherwise.
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It canbe obsered that the analyticalmodelsproposedearlierin the literaturecan be derived from this generalized
modelas:

e K=W;S=1;v=0;[3], [4]

« K=W;8=1,[6]

« K =W,;§8=T,~. = 0; full-permutationswitch[12]

« K =W, S = F; full-permutationswitch. [9]

V. TREE ESTABLISHMENT IN TRUNK SWITCHED NETWORKS

Supportingmulticastconnectiondn WDM networks hasgainedimportancein recentyearsdueto the increasing
numberof distributive services.The benefitsof supportingmulticasttraffic at the WDM layer arediscussedn [19].
Various multicastmodelsare introducedin [20] alongwith modelsto implementdifferent multicastcapableswitch
architectures.

Earlier work on the analysisof optical multicastingconcentraten two main areas:(1) minimizing the numberof
wavelengthsrequiredto supporta static traffic demand[19], [21] and (2) multicastroute selectionalgorithmsthat
provide efficient utilization of thefiber bandwidthwhendynamicsetupandteardown of multicasttraffic is considered
[22], [23]. The blocking performancdor establishingreeshasbeenstudiedusing link-independencenodelin [24].
However, the studyis restrictedto treeswherethe sourcereacheghe destinationson a two-link pathwith a branching
afterthefirst link. To the bestof our knowvledge,therehasbeenno othersignificantwork that analyzeshe blocking

performancdor establishinga multicasttreein anoptical network.

A. Analysis

Considera tree, denotedby 7, that needsto be establishedn the network. Let Pr(Ty) denotethe probability
thatexactly Ty trunks are available to establishthe tree. Pr(0), therefore,denotesthe blocking probability for tree
establishment.To computePr(Ty), assumethat T, trunksarefree on the first link and T, trunksamongthemare
availablefor establishinghetree. Pr-(Tf) canbewritten as,

K K
Pr(Ty)= Y > Pr(Ty|Ts, T))P(Ts, Ty) (32)
Tx:Tf Ty=T,
wherePr(T}|T,, T,) denoteshe probability of T trunksbeingavailableto establishthe treegiventhatT, trunksare

free onthefirst link with T,, amongthembeingavailable. P, (T, T,) denoteshe probabilitythatT,, trunksarefreeon

thefirst link with T, amongthembeingavailable. P, (73, T;;) canbewritten as,
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P(T,) ifT, =T,

P(Ty, Ty) = { 0 otherwise. )

where,P(T,) denoteshe probability of 7, trunksbeingfreeonalink.
Pr(Ty|Ty, Ty) is computedoy consideringwo cases(1) if thetreedoesnot have ary branchingand(2) if thetree

hasabranching.

Casel:
If thetree7” doesnot have ary branching thenit is merelya path. If the pathconsistsof z links, then Pr- (T |T;, Ty)

reducego P,(Ty|Ty, Ty). This probabilitycanbe expresseds:

K
Po(Tf|Te,Ty) = Y Pu(Ty,TilTa, Ty) (34)
T,=Tf

B whereP, (Ty, T;|T,, T,) denoteshe probability of having T’y trunksavailableon a z-hop pathwith T; trunksfreeon
thelastlink giventhatT;, trunksarefreeonthefirst link with 7, amongthemavailable.

A z-link is analyzedasatwo-hoppathby consideringhefirst z — 1 links asthefirst hop andlasttwo links asthe
secondhop,asshavnin Fig. 9 (Fig. 4 is reproducedhereasFig. 9 for immediatereference).

Let T}, andT, denotethe numberof trunksavailableon the first hop andthatwhich arefree on the lastlink of the

firsthop(link z — 1). P,(T}, T;|T;, Ty) canthenberecursvely computedas:

K K
PZ(Tf7ﬂ|T$7Ty) = Z Z Pz—l(Than‘TwaTy) P(TfaTl|Than) (35)
Tp=Ty Tp=T}

whereP(Ty, T;| T}, T) denotesheprobabilityof 7'y trunksbeingavailableonthe z-link pathwith T; trunksfreeonthe
lastlink giventhatT}, trunksareavailableon thefirst hopwith T;, trunksfree onthelastlink of thefirst hop. It canbe
obsenred thatthis probability involvesonly the lasttwo links, henceis computedusinga two-link modelasdescribed
in SectionlV.

Thestartingpointof therecursionP; (Ty, T;|T;, T,) is givenby:

1 if Ty =T, andT; =T,

0 otherwise. (36)

Pl(Tf,T'l|TzaTy) = {

Case2:

If thetreebranchest anintermediatenode,thenthe computationof the desiredprobabilityis carriedout by splitting
thetreeinto a combinationof a pathandsubtreesConsideran exampletreeasshavn in Fig. 10(a)to be established.
As thetreebranchesit is splitinto a pathup to theintermediatenodel, denotedoy P, anda setof subtreeshatbranch

out at the intermediatenode. Let s denotethe numberof subtreesat the branchingpointand 7y, 7s, ..., T denotethe
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subtreesThe splitting of thetreeinto a pathanda setof subtreesreshavn in Fig. 10(b). Notethatthelastlink of the
pathandfirst link of thesubtreesrethesame.

Let Pp(T,,T,|T:,T,) denotethe probability that T;, trunks are available to reachthe intermediatenodewith T,
trunksfree onthelastlink of the pathgiventhatthefirst link hasT), freetrunkswith T, amongthembeingavailable.
The probability of 7'y trunksbeingavailableto establishthe given tree canbe obtainedoy summingover all possible
valuesof T, T,,, andnumberof trunksavailableto establisipathson eachof the s subtreesHence,jit follows:

Ty K
Pr(Ty|Ty, Ty) = Z Z Z Pp(Ty, Ty| Ty, Tyy) P(t1,to, ..., ts| Ty, To) P(T|t1, to, o.s ts, Tyy) (37)
Tu:Tf Ty=Ty (tl,tQ,...,ts)

where P(t1, ta, ..., ts| T, Ty) denoteghe joint probability that subtree; hasexactly ¢; trunksavailable given that the
firstlink in thesubtreehasT, trunksfreewith T,, amongthemavailable. P(T|t1, ty, ..., ts, T,,) denotesheprobability
of T’y trunksbeingavailablefor establishinghetreegiventhatT;, trunksareavailableto establisithe pathandt; trunks
areavailableto establistsubtre€7;. Notethatthis probability doesnot dependon the numberof freetrunkson thefirst
link of thesubtreegT,) asary trunkthatis availableto establisha subtreemustbewithin the setof availabletrunksin
thefirstlink of thesubtreg(T?,). It canbeobseredthatt; > 7,1 < i < s.

It is assumedhatthe distribution of the channelsacrosdifferentsubtreesareindependentdf oneanother Similar
to link correlation,thereis alsoa correlationfactorthat is introduceddue to the intra-channekopying. Hence,if a
channeis occupiedn a subtreethenthereis a positive probabilitythata channelin the sametrunk canbeoccupiedn
anothersubtreeasthey couldbe partof atreeestablishe@arlier However, astheofferedloaddueto multicasttraffic is
expectedto bemuchsmallercomparedo the unicastconnectionsthis correlationis neglectedin this paper Assuming
the channeMdistribution acrosghe subtreesareindependenof eachother P(t1, ta, ..., ts| Ty, Ty) canbewrittenas:

s
P(t1,ty, ., ts|Tu, o) = [[ Pr(t:| T, T0) (38)
i=1

Let Py(TY|t1, 1o, ..., ts, Tu, Tr) denotethe probability of T trunks being available to establishthe tree given that
t; trunks are available to establishsubtree7; with T,, + T, trunks available on the first link of the subtreeswith
the constraintthat a trunk that is available to establishthe tree mustfall within the T,, setof trunks. It follows that
Py(Ty|t1,t2, ..., ts, Ty,) isthesameas Py (T |t1, to, ..., s, Ty, 0). Ps(Ty|t1,t2, ..., ts, Ty, T;) is computedecursvely by
consideringone subtreeat a time andupdatingthe numberof trunksavailableto establishthe tree dependingon the
numberof availabletrunkson the subtreehatis considered.

min(t1,T,)

PS(Tf|t1,t2, ---ats,Tu,Tr) = Z Pl(t|t1,Tu,T7-) Ps_l(Tf|t2,t3, ey ts, t, T + Ty — t) (39)
t=T}
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where,

[T i [l
1 (¢, T, T)_W‘
t1

P(Ty) and P(Ty, T;|Ty, T,) form the basisfor the analysisdevelopedin this section. Theseprobabilitiesare com-

(40)

putedusinga two-link correlationmodelasdescribedn SectionlV.

VI. PERFORMANCE EVALUATION

The blocking performanceof a multi-wavelengthTDM switchednetwork is analyzedin this section. Eachlink
has 20 time slots (channels). Four combinationsof humberof wavelengths(trunks) and time slots are considered:
MW =K=20,T=S8S=1,QQW=K=1T=8=20,QW=K=2T-=25 = 10; and(4)
W = K =4, T = S = 5. Eachwavelengthis treatedasa trunk. Hence,no wavelengthcorversionis assumed.
However, the secondcasewith a full-permutationswitch canbe treatedasary combinationof wavelengthandtime
slotswith full-wavelengthcorversion,time slotinterchangeandfull-permutationswitching.

A nodethatviews alink asK trunkswith S channelgertrunkis referredio asa K x S node.A nodethatemplos
full-permutationswitchingis denotedby FP andonewhich providestime-spacgchannel-spaceywitchingis denoted
by CS.

Threekinds of network topologiesareconsideredor performancevaluation:

1. a25-nodeuni-directionalring network (v, = 0.92)

2. a25x25bi-directionalmesh-torusmetwork (y. = 0.31)

3. al10-dimensionahypercubenetwork (y. = 0.09)

The networks areassumedo emplg/ shortest-pathouting. If morethanonepathis availablewith the minimum path
length,thenoneof themis chosernat random.The pathlengthdistribution, P(z), andthe numberof exit links, E, for
thethreenetworks aregivenbelow.

1. Uni-directionalring network with N nodes:

1

E =1 (42)

2. MxM bi-directionalmesh-torusetwork (if M is odd):

iy 1<z <M
P(z) = (43)
T Ml <M

E = 3 (44)
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3. n-dimensionahypercubg N = 2"):

P(z) = ;<n> 1<z<n (45)

E = n-1 (46)

Fig. 11 shaws the blocking performancewith varying link load for a 25-nodeuni-directionalring network. The
performanceobtainedby time-spacendfull-permutationnodesarealmostthe samein this network. It canbealsobe
obseredthatamaximumof two ordersof magnitudeperformanceyaincanbeachieredby employing full-permutation
switching. The maximumperformanceayainthatcanbe achiered by switchingdepend®n the correlationfactorin the
network. As thering network hasavery high correlation,a maximumof only two ordersof performancemprovement
is possible.

Fig. 12 shavstheblockingperformancdor a 25x 25 bi-directionalmesh-torusmetwork. At low loads(1 Erlang),the
performancegain obtainedby time-spacendfull-permutationnodesover a nodewith neithertime-slotinterchangers
nor wavelengthcornvertersare approximatelyl0 and 12 ordersof magnitude respecirely. At high loads(7 Erlangs),
the blocking performanceof the time-spaceand full-permutationnodesare lower by 1 and 3 ordersof magnitude,
respectrely ascomparedo the performancebtainedwith nodesnot emplgying time-slotinterchangeandwavelength
corversion. Sucha high performancegain, especiallyunderlow link loads,indicatesthe effectivenessof employing
switchingin networkswith moderatdink correlation.

Fig. 13 shavs the blocking performancdor a 10-dimensionahypercubenetwork. The performancdrendsobsered
in this network aresimilarto thatobseredin amesh-torusmetwork. At low loads(1 Erlang),performanceainof upto
6 and8 ordersof magnitudecanbe obtainedwith time-spaceandfull-permutationnodes respectrely over nodesthat
do notemploy time-slotinterchangeandwavelengthcorversion. However, at high loads(7 Erlangs).the performance
gainobtainedreducego 1 and3 ordersof magnitudefor time-spaceaandfull-permutationswitchesyespectiely.

It canalsobeobseredthattheperformancefferedby al x 20, 2 x 10, and4 x 5 full-permutationswitchesarealmost
the same.However, for a given capacityof alink, the switchingspeedf al x 20 switch hasto be 4 timeshigherthan
thatof a4 x 5 switch. Ontheotherhand,a4 x 5 CSswitch (4 wavelengthswith 5 time slotsperwavelength)requires
four setstransmittersaandrecevers,althougheachof themcouldwork at lower speedsAlso, the performancenffered
by their respectie time-spaceswitchesare within two-ordersof magnitudedifference,indicating that a significant

improvementin performanceanbe achieved by employing time-spacewitches.

A. Performancesvaluationfor treeestablishment

Two regular k-ary tree structuresare consideredor performanceevaluation: (1) binary (¢ = 2) and(2) ternary

(k = 3). Thenumberof levelsin the treearedenotedby L, with the sourcereachingthe 2* destinatiomnodes. The
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root of the nodeis assumedo be the sourceandthe leaf nodesare assumedo be the destinations.The numberof
hopsbetweenwo successie branchingnodess denotedby Z. Thedistancebetweerthesourceandthefirst branching
nodeis setasZ + 1. Fig. 14(a)and(b) shav binarytreeswith the distancebetweerthe branchingnodesas1 and2,
respectrely. NotethatasZ increasesthe numberof links in thetreeincreases.

Theblockingperformancef multicasttreeestablishmerdreevaluatedon two networks: (1) 100 x 100 bi-directional
mesh-torusaand(2) 12-dimensionahypercubenetwork. The choiceof thesenetworks aredueto the mediumandlow
correlationof link-loads.

Tablesl andll shav theblockingperformancdor establishinga 3-level binarytreeand3-level ternarytrees respec-
tively, in a 100x 100 bi-directionalmesh-torusietwork. Tableslll andI1V showv the blocking performanceversuslink
loadfor establishinga 2-level binarytreeand?2-level ternarytrees respectrely. The performancdrendsaresimilar for
boththe networks. The blocking probabilitywith 4x5 CS switchesis two to four ordersor magnitudehigherthanthat
with 1x20 FP switcheswith increasindink load. The blocking probabilitywith 4x5 FP switchesis at-mostoneorder
of magnitudehigherthanthatwith 1x20 FP switches. Theseresultsindicatethat a significantperformancecould be
obtainedf thechannelsn alink aresplit into moretrunksandemploy full-permutationswitching.

It is alsoobsened thatthe blocking probability for establishinga path, having the samenumberof links asin trees
consideredabore, is almostthe sameasthe blocking probability of establishinghe treein the network with the same
switcharchitecture The pathblocking probabilitiesarenot reportedseparatelyasthey exactly matchthe valuesof the
treeblocking performanceo the accurag reportedin the tables. The differencebetweenthe blocking probabilitiesof
establishingbinaryor aternarytreeandapathwith thesamenumberof links is obseredto belessthan1% of thepath
blocking performanceln generaljf the degreeof branchingat eachnodein the network decreaseghetreeblocking
performancecanbe approximatedo a pathblocking performancef the numberof links in both arethe same. Note
that,in anextremecasewhenthe degreeof branchingatthe intermediatenodeis the sameasthe numberof destination
nodesthe analyticalmodelemulatesa statisticallink-independencenodel. Hence,its comparisorwith the blocking
performancenf a pathwith the samenumberof links would indicatethe differencebetweerthe blocking probabilities
obtainedusinga link-independencandlink-correlationmodel,which could be significantfor longerpathsandat high
network loads.

The performanceesultsshav thatswitchingis effective in networks with low or mediumlink correlationachiesing
highperformanceain. Also, in suchnetworks,asignificantperformanceainis achievedwith justatime-spacewitch,
thusindicatingthefeasibility of realizingopticaltime switchednetworks in the nearfuture offering goodperformance

with simpleswitcharchitectures.
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VIlI. CONCLUSION

Theconcepiof trunk switchednetwork is proposedn this paperto facilitatemodelingandanalysisof networkswith
heterogeneousodearchitectures.An analyticalmodel for evaluatingthe blocking performanceof a classof trunk
switchednetworksis alsodeveloped.Usingthe analyticalmodel,it is shavn thata significantperformanceyaincanbe
achieved with atime-spacewitchwith no wavelengthcorversionin a multi-wavelengthTDM switchednetwork.

The scopeof the analyticalmodelpresentedn this paperis limited to homogeneou$SN’s. However, the analysis
canbe extendedto heterogeneou$SN's by mappingthe trunk distribution viewed by a nodeemplgying one switch

architectureo thatviewed by a nodeemplgying anotherswitcharchitecture.
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Fig. 2. Two nodesconnectedy alink in a TSN. (a) Thelink is viewedas4 trunksby boththenodes.(b) Thelink is viewedas3
and4 trunkshy thefirst andseconcdhode,respectiely.
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analysis.
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Fig. 14. Examplebinarytreesconsideredor performancevaluation.(a) Distancebetweertwo branchingnodess 1. (b) Distance
betweertwo branchingnodess 2.

Link load
Nodetype | Z 1E 2E 4E 7E

4x5CS 1| 1.4x10-16  6.1x10~1! 1.8x10~% 6.7x10"2
2 | 81x10716 53x10-10 1.7x10~% 2.9x10~!
3| 3.3x1071%  2.3x10799 6.9x10~% 5.4x10~!

4x5FP 1| 28x107'®  1.1x107'2 1.9x10~7 1.4x1073
2 | 54x1071% 22x10712 4.4x10~7 5.4x10°3
3| 8.1x10~ 18 3.4x10-12 82x10~7 1.4x102

1x20FP | 1 | 2.4x10~18 9.3x10~13 1.3x10~7 4.8x10~*
47x10~'8  1.8x107'2 2.6x1077 9.2x10~*
3| 7.0x10718 2.7x10712 3.8x10~7 1.4x103

N

TABLE |
BLOCKING PROBABILITY VERSUS LINK LOAD FOR ESTABLISHING A 3-LEVEL BINARY TREE IN A 100x 100
BI-DIRECTIONAL MESH-TORUS NETWORK.



Link load
Nodetype | Z 1E 2E 4E 7E

4x5CS 1| 22x10715  15x1079 4.6x10~% 4.6x101
2 | 28x10~1% 19x10-8 4.8x10~3 8.8x10°!
3| 1.3x10713  92x10~% 1.8x10~2 9.8x10!

4x5FP 1| 7.2x1071®  3.0x107!2 6.8x10~7 1.0x10"2
2 | 1.5x107'7  65%x10~'2 25x107% 55x1072
3| 2.2x10717  1.1x10~'1  7.2x10% 1.4x10!

1x20FP | 1 | 6.2x107 18 2.4x10~12 3.4x10~7 1.2x10~3
1.2x10~17  4.7x10712  6.7x10~7 2.4x10~3
3| 1.8x10717  7.1x10712 1.0x10°% 3.6x10°3

N

TABLE Il
BLOCKING PROBABILITY VERSUS LINK LOAD FOR ESTABLISHING A 3-LEVEL TERNARY TREE IN A 100x 100
BI-DIRECTIONAL MESH-TORUS NETWORK.

Link load
Nodetype | Z 1E 2E 4E 7E

4x5CS 1| 6.9x10-17 35x10~1! 7.7x10°% 2.6x10"2
2 | 52x10716  29x10719 6.9x10°% 1.4x10°!
3| 24x10715  1.2x107%°  2.7x10~* 3.1x107!

4x5FP 1| 1.2x10718 48x10-13 7.3x10% 3.9x10~*
2 | 2.3x1071%  9.1x10~13 1.5x10~7 1.2x1073
3| 3.4x10718  1.4x10-12 26x10~7 2.8x103

1x20FP | 1 | 1.2x10718 4.7x10~13 6.6x10~% 2.4x10~%
2.3x10718  87x10~13 1.2x10~7 4.5x10~%
3| 3.3x1071®% 1.3x107!2 1.8x10~7 6.6x1073

N

TABLE Ill
BLOCKING PROBABILITY VERSUS LINK LOAD FOR ESTABLISHING A 2-LEVEL BINARY TREE IN A 12-DIMENSIONAL
HYPERCUBE NETWORK.

Link load
Nodetype | Z 1E 2E 4E 7E

4x5CS 1| 41x10716  23x10719 55x107% 1.7x10°!
2 | 45x10715  26x1079 57x10~% 4.4x10°1
3| 20x10~1*  1.2x107% 2.3x1073 7.1x10°!

4x5FP 1| 21x107'®  85%x10~'3 1.4x10-7 1.0x1073
2 | 42x10718  1.7x10!2 3.5x10~7 4.5x10°3
3| 6.4x10718 2.7x10712  7.4x10~7 1.2x102

1x20FP | 1 | 2.1x10~18 8.2x10~13 1.2x10~7 4.2x10~%
4.1x10-18  1.6x10712 22x10~7 8.1x10~%
3| 6.0x10~18 23x10-12 33x1077 1.2x103

N

TABLE IV
BLOCKING PROBABILITY VERSUS LINK LOAD FOR ESTABLISHING A 2-LEVEL TERNARY TREE IN A 12-DIMENSIONAL
HYPERCUBE NETWORK.



