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ABSTRACT

Multicastingin the opticallayerhasgainedimportancen therecentyearsdueto severalfactors.Most of theresearctwork in
this areaconcentrateitheron minimizing the numberof wavelengthgequiredto meeta given staticdemandor on multicast
routeselectionalgorithmsthatresultin efficient utilization of fiber bandwidth.Very few significantresearcthasbeenfound,to
thebestof authors’knowledge on developingananalyticalmodelfor evaluatingtheblockingperformancef treeestablishment
in optical networks,which motivatesthework in this paper

In this paper an analytical model for evaluatingthe blocking performanceof multicasttree establishmentime-space
switchedoptical networks is developed. The performanceof differentswitch architecturesare then studiedusingthe ana-
lytical model.It is obsenedthatif themulticasttreehasvery low degreeof branchingtheblocking probability of establishing
thetreeis the sameasthatof establishinga pathwith samenumberof links.
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1. INTRODUCTION

WavelengthDivision Multiplexing (WDM) hasemegedasanefficient mechanisnfor informationtransporin all-optical net-
works. WDM dividesthe available fiber bandwidthinto a setof wavelengths(WDM channels). Early researchin optical
networks focussedn single-fibermulti-wavelengthwavelength-routedhetworks. Nodesin thesenetworks canswitch wave-
lengthsacrossports. WavelengthCorwverter(WC) is a device that allows the optical signalon a wavelengthto be corverted
into anotherwavelength. If wavelengthcorvertersare not available,a call arriving at a nodeon a certainwavelengthhasto
be switchedto the samewavelengthat the output. Although wavelengthcornvertersimprove network blocking performance,
the high costof wavelengthcornvertershave madeit impracticalto employ full-w avelengthcorversionat all nodes.Therole
of wavelengthcorvertersin wavelength-routechetworks hasbeenstudiedextensiely in the literature! ™  Subramaniam,
Azizoglu, and Somant evaluatethe impactof sparse-wavelengthcorversion,whereonly a few nodesin the network have
full-w avelengthcorversioncapability The effect of limited-wavelengthcorversion®” wherea giveninputwavelengthcanbe
corvertedinto a setof (but notall) outputwavelengthshasbeenalsostudied.Multi-fiber multi-wavelengthwavelength-routed
networkshave beenshown to offer blocking performancesimilar to thatof networksthatemploy limited- or sparse-wavelength
conversion8-10

WDM offersbandwidthgranularitycloseto the peakelectronictransmissiorspeed.The bandwidthof a singlewavelength
is too largefor certaintraffic requirementsWhile sometraffic mayhave arequiremenbf fractionalwavelength anothettraffic
thatis alreadyusinga full-wavelengthmight wantto expandits capacity but not wantto pay for an entire nev wavelength.
This motivatesthe needfor providing fractionalwavelengthcapacityto the network traffic.

Provisioning fractionalwavelengthcapacityis achiezed by dividing a wavelengthinto time slotsand multiplexing traffic
on the wavelength. The resultingmultiwavelengthoptical time division multiplexed networks (WDM/TDM networks) canbe
classifiedinto two cateyories': dedicated-avelengthTDM (DW-TDM) networks andshared-vavelengthTDM (SW-TDM)
networks. In DW-TDM networks, eachsource-destinatiopair is connectedy a lightpath, wherea lightpathis definedasan
all-optical connectionbetweentwo nodes. Calls betweena sourceand destinationare multiplexed on the lightpaths. If the
bandwidthrequiredby a new call ata nodeis not availableon ary of the existing lightpathsto the destinationa new lightpath
is established.On the otherhand,in SW-TDM networks, if a call cannotbe accommodatedn an existing lightpathto the
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destinationjt is allowedto be multiplexed onto an existing lightpathto anintermediatenode. The call is thenswitchedfrom
theintermediatenodeto thefinal destinatioreitherdirectly or throughothernodes.However, if noneof the existing lightpaths
from the nodecanaccommodatéhe call, a new lightpathto the destinatioris established.

The performanceof SW-TDM networks dependon efficient memging of fractionalwavelengthrequirement®f the nodes
into a full- or almost-full wavelengthrequirement. This meging of traffic from different source-destinatiopairsis called
traffic grooming Nodesthatcangroomtraffic arecapableof multiplexing/de-multiplexing lower ratetraffic ontoawavelength
andswitchingthemfrom onelightpathto another The groomingof traffic canbe eitherstatic, wherethe source-destination
pairswhoserequirement@recombinedarepre-determinedor dynamic,wherethe connectiorrequestgrom differentsource-
destinatiorpairsarecombineddynamicallydependingn the existing lightpaths.

Recentdwanceopticalswitchingtechnology?'4 have shavn the possibilityof realizingfastall-opticalswitchesswitches
with switchingtime lessthana nanosecondThe useof suchfastswitchesalongwith fiber delaylines astime-slotinterchang-
ers16 have openedup the possibility to realize multiwavelengthoptical time switchednetworks. Thesenetworks will be
referredto as WDM/TDM Switched networks in the rest of this paper Connectionbetweena sourceand destinationin a
WDM/TDM switchednetwork is realizedby assigninga time slot on every link of a chosenpath,with the constrainthatthe
slot on onelink canbe switchedto the next link by the intermediatenode. WDM/TDM switchednetwork canbe considered
asa specialcaseof SW-TDM network, whereall the nodesin network are capableof groomingtraffic andlightpathsto the
neighboringnodesare establishegpbermanently The bandwidthgranularityofferedby a WDM/TDM network is determined
by the durationof a time slot which, in turn, depend®n the speedat which the switchingcanbe accomplishedIn generala
WDM/TDM switchednetwork is a multi-fiber, multi-wavelength,TDM-switchedall-opticalnetwork.

Routingindividual slot dynamicallyrequiregprocessingnformationin opticaldomain.However, thetechnologyin optical
processingndstoragehasnot maturedto achieve run-timeroutingdecisionsat high-speedsTherefore WDM/TDM switched
networksareexpectedo be circuit-switthedin nature.As theinformationin atime slotis not readby anintermediatenodeat
run-time,the switchingemployedhereis alsoreferredto astranspaentoptical switching.

Yateset al.'' analyzea single-fibermulti-wavelengthTDM-switched network for blocking performanceextendingthe
link-independencenodef* proposedor wavelength-routechetwork. Wautersand Deemesté¥'® show the equivalenceof
single-fibemulti-wavelengthTDM-switchednetwork to multi-fiber multi-wavelengthwavelength-routedhetworks.

Srinivasanand Somant” introducea generalizechetwork model, called Trunk SwitchedNetwork (TSN). In this model,
every nodeviews a link asa setof trunksandchannels.Analytical modelfor evaluatingpathblocking probabilitieshasalso
beendevelopedor aclassof TSN'swhereall thenodeshave similarview of thelinks. Theanalyticalmodelsproposecearlierin
literaturefor wavelength-route@pticalnetworks, WDM/TDM networks, etc. canbederivedfrom this generalizedrameawvork.

1.1. Multicasting in Optical Networks

The analyticalmodelsproposedhusfar in literature considerunicastconnectionsand evaluatepath blocking probabilities.
However, supportingmulticastconnectionsn WDM networks hasgainedimportancein recentyearsdueto the increasing
numberof distributive services. Sahasralsddheand Mukherje€?® discussthe benefitsof supportingmulticasttraffic at the
WDM layer. Yang,Wang,andQiad"® introducevariousmulticastmodelsalongwith methodgo implementdifferentmulticast
capableswitcharchitectures.

Earlierwork on the analysisof optical multicastingconcentraten two main areas:(1) minimizing the numberof wave-
lengthsrequiredto supportastatictraffic demand®2° and(2) multicastrouteselectioralgorithmsthatprovide efficient utiliza-
tion of the fiber bandwidthwhendynamicsetupandteardown of multicasttraffic is considered!>2? lannone Listanti, and
Sabell&® studythe blocking performancenf establishingnulticasttreeswith a sourcereachingthe destinationsn a two-link
pathwith a branchingafter thefirst link assumingstatisticalindependencef link loads. To the bestof authors’knowledge,
therehasbeenno othersignificantwork thatanalyzeshe blocking performancedor establishinga multicasttreein anoptical
network.

In this paper an analyticalmodelfor evaluatingthe blocking performanceof establishinga multicasttreein time-space
switchedoptical networks is developedbasedon the analyticalmodel proposedfor homogeneou3SN’s!” The paperis
organizedas follows: Section2 describesa WDM/TDM switchednetwork. Section3 introducesthe conceptof a trunk-
switchednetwork, the modelingof aWDM/TDM switchednetwork asa TSN, andintra-trunk copyingwhich enablesopying
of asignalfrom onechanneko another An analyticalmodelfor evaluatingthe blocking performancef treeestablishmenin
aclassof TSN'sis developedin Section4. The performanceof differentswitch architecturesre studiedusingthe analytical
modelon two differentkinds of networks. Section5 discusseshe performanceesults.Section6 concludegshe paper



2. WDM/TDM SWITCHED NETWORKS

A WDM/TDM switchednetwork consistof switchingnodesinterconnectedby oneor moreopticalfibers. Eachfiber carries
a certainnumberof wavelengths Eachwavelengthis dividedinto frameswhich arefurther sub-dvidedinto time slots. Let L
denotethe numberof links ata node,F' denotethe numberof fibersperlink, W denotethe numberof wavelengthserfiber,
andT denotethe numberof time slotsperframeon awavelength.

Every slot within a frame can be denotedby a 4-tuple, (I, f,w,t), wherel < | < L, 1 < f < F,1 <w < W,
andl < t < T. For example,thetuple (1,1,2,1) (readfrom right to left) denotedfirst time slot in a frameon the second
wavelengthof the first fiber on thefirst link. A channelon a link is definedasa collectionof a particulartime slot across
successie frames.Hence the numberof channeldn alink is the sameasthe numberof slotsin aframe, F x W x T'. Each
channelis alsorepresentetby a 4-tuple, (I, f,w, t), similar to the representationf a slot. It canbe obseredthatif aframe
hasonly onetime slot, T = 1, aWDM/TDM switchednetwork reducego a multi-fiber multi-wavelengthwavelength-routed
network. A switchata nodemapsaninput channelto anoutputchannel.The constraintoon the mappingof aninput channel
to anoutputchannelredeterminedy the natureof the switch.

The simplestswitch architectures a spaceswitch. In this switch, aninput channel,(l, f, w, t);, could be mappedto an
outputchannel(l, f,w,t),, if andonlyif ¢; = t,, w; = w,, andf; = f,. With atime slotinterchange(TSI), aninputchannel
(1, f,w,t); couldbe canbe mappedo anoutputchannel(l, f,w,t),, wheret; # t,, by delayingthe signals.A combination
of time andspaceswitchingcanbe employedin multiple stagego realizemorepermutatiorof spaceandtime. If the switches
do notemploy wavelengthcorversion thenthewavelengthof theinputandoutputchannelsnustbethe samehencew; = w,.
In networks with multiple fibers connectingtwo nodesan input channel,(l, f, w, t);, canbe mappedto an outputchannel

(l7 fawat)o, Wherefi 7£ fo-

3. TRUNK SWITCHED NETWORKS

A trunk switchednetwork (TSN) consistsof switching nodesinterconnectedby links. Eachlink hasa setof channels.The
numberof channeldn alink, denotedby C, is the sameon all thelinks in the network. A nodein a TSN views alink asa
setof K trunkswith S channelgertrunk, whereK'S = C. Fig. 1 shows the nodearchitecturan a TSN. The nodehasfour
links connectedo it. Eachlink is viewed asa setof 4 trunkshby the node. Switchingat every nodeobeys the following two
conditions:

¢ A full-channelinterchange(FCl) is employedattheinput for every trunk,asshovn in Fig. 1.

e Switchingata nodeobeys trunk-continuityconstraintj.e., the channelcannotbe switchedacrosgrunks.
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Figure 1. Nodearchitecturén a TSN.

The definition of a trunk could be differentacrossnodes.For example,onenodecould view a link as Ky trunkswith .Sy
channelpertrunkwhile anothemodecouldview thelink asK trunkswith S, channelpertrunk,whereK; S, = K25» = C.



Fig. 2 showvs two nodesin a TSN connectedy alink. Theinputto switchfrom otherlinks at the nodearenot shavn in the
figure. Fig. 2(a) shavs two nodesthatview thelink asa setof 4 trunks. In Fig. 2(b), thefirst nodeviews the link as3 trunks
while thesecondhodeviewsthelink as4 trunks.
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Figure 2. Two nodesconnectedy alink in aTSN. (a) Thelink is viewedas4 trunksby boththe nodes.(b) Thelink is viewed
as3 and4 trunksby thefirst andseconchode,respectiely.

A TSNis saidto behomaeneousf the collectionof channelghatconstitutea trunk ata nodeis the samefor all thenodes
in the network. Otherwise,it is saidto be hetepgeneous The nodesshowvn in Fig. 2(a) could form a partof homogeneous
TSNif the channelghatconstitutea trunk for the two nodesarethe sameasthatat therestof the nodes.Notethattwo nodes
couldview alink asa setof K trunks,but couldstill be heterogeneoui$ the channelswithin thetrunksarenotidentical. On
theotherhand,thenodesshavn in Fig. 2(b) form apartof a heterogeneousSN. Althoughthetrunk definitionis the samefor
all thenodesn ahomogeneou$ SN, the switchingemployedwithin atrunk couldbedifferentat differentnodes.As channels
cannotbe switchedacrosgrunksatanode by the definitionof atrunk atthe node,ahomogeneou$ SN imposesanend-to-end
trunk-continuityconstaint on the connections.

A trunk on alink, asviewed by a node,is saidto be busyif all the channelsn the trunk are busy, otherwiseit is saidto
befree Considerthelink shovn in Fig. 2(a). Thelink is viewed asa setof 4 trunksby the nodes.The numberof channels
busy on atrunk attheinput of a nodeis the sameasthe numberof channeldusy onthetrunk at theinput to the switch at the
node.However, thedistribution of the busy channelson thetrunk at the input of the nodeis differentfrom thatat the input of
theswitch. Thenumberof trunksbusyattheinput of anodeis the sameasthe numberof trunksbusyat theinput of the switch
atthatnode.

Consideratrunk on atwo-link path,eg: atrunk attheinputandoutputof thenodeshown in Fig. 2(a). Thetrunkis saidto
beavailableonthetwo-link pathif thereis afreechannein thetrunk onthefirst link thatcanbe switchedby thenodeto afree
channein thesecondink, subjectedo the constraint®f the switch. Hence if atrunkis free ontwo links individually, it does
not necessarilymply thatthetrunk is availableon the two-link path. For example,considera scenariovhenthe switch at the
nodeshavn in Fig. 2(a)is a space-onlyswitch*. Hencechannelcontinuity constraintis imposedby the switch. Also, assume
thatthereare5 channelgpertrunk. Let channelsl and2 on atrunk be busyat 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 thetrunk s not availableon the two-link path.

A connectiorbetweerasourceanddestinatioris establishedverapath. Eachpathconsistof asetof links andthenumber
of links in a pathdenoteshe lengthof the path. The selectionof a pathin the network could be eitherstaticor dynamic. A
connectiorbetweera sourceanda destinatiorover a pathis realizedby assigninga channelbon eachlink onthe pathsuchthat
every nodeonthe pathcanswitchthechannelssignean its inputlink to thechannehlssigneanits outputlink. A call is said
to beblockedif sucha channelssignmenis not possible.

Multicastconnectionsreestablishedh thesenetworksby copying thesignalin aninputchannelbndswitchingtheindivid-
ual copiesto multiple outputchannelsywhenererabranchingn thetreeoccurs.It is assumedhatthe copiesof theinput signal
is constrainedo remainwithin the sametrunk. Hence this copying is alsoreferredto asintra-trunk copying. The maximum
numberof copiesthat canbe madefrom aninput signalis, limited by the numberof channelswithin a trunk. The numberof
copiesthataremadefrom aninput signalis referredto asdegreeof branching.

*Althoughthe switchat a nodeis space-onlythe nodebehaeslik e achannel-spacswitch.



3.1. Modelinga WDM/TDM switched network asa TSN

A WDM/TDM switchednetwork canbe modeledasa TSN. Although a trunk can be definedas an arbitrary collection of
channelspnly afew suchcollectionsmake a meaningfultrunk definitionin reality. Somepossibletrunk definitionsat a node
arediscussedherewith anexample.

Consideralink with onefiber, 4 wavelengthsperfiberand5 time slotsperwavelength(F' = 1, W = 4, T = 5). Eachslot
onalink [ is denotedby a4-tupletuple (I, f,w,t), wheref = 1,1 <w < 4,andl <t < 5.

¢ If time slotinterchangeindwavelengthcorversionarenot permitted then,for ary link 7, eachwavelengthandtime slot
combinationcanbetreatedasatrunk,i.e., Tr(, ¢ = {(l,1,w,t)}. In thiscasealink is viewedasWT trunkswith one
channebpertrunk.

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

o If full-wavelengthcorversionis permitted,but not time slot interchangethenfor a givenlink [, atime slot on all the
wavelengthscanbe groupedto form atrunk,i.e., T'r; = {({,1,w,t)|1 < w < W}. Thus,alink is viewedasT trunks
with W channelgertrunk.

¢ If bothfull-wavelengthcorversionandtime slot interchangeare permitted,thenthe entirelink is treatedasonetrunk
with WT channels.

A multi-fiber multi-wavelengthwavelength-routedhetwork with F' fibersandW wavelengthswith no wavelengthcornversion
canbeviewedasW trunkswith F' channelpertrunk. If full-wavelengthcorversionis available,thenalink canbeviewedas
asingletrunkwith FW channelsHowever, networksthatemploy limited-wavelengthcorversiorf:” cannotbe modeledeasily
or effectively asa TSN, asfull-permutationwavelength-comersionis notemployed.

4. ANALYSIS

In this section,ananalyticalmodelfor evaluatingthe blocking performancenf multicasttreeestablishmenis developed.The
scopeof the analysisis limited to homogeneou3 SN’s. The analysisfor heterogeneousSN’s is currentlybeinginvestigated
by theauthors.

Considera homogeneou3 SN with K trunksperlink and.S channelgertrunk. The analyticalmodeldevelopedin this
sectionis basedon thefollowing assumptions:

e Thecall arrival at every nodefollows a Poissonprocesawith rate A,, andis equallylikely to be destinedto ary other
node.The choiceof Poissortraffic is to keeptheanalysistractable.

Thebandwidthrequiremenbf every call is assumedo be of onechannekcapacity

The holding time of every call follows an exponentialdistribution with mean%. The Erlangload offeredby a nodeis

= 2An
Pn = "4

Thepathselectionis pre-determinedfixed-pathrouting),eg: shortest-path.
e Blockedcallsarenotre-attempted.

e A callis assignedchannerandomlyfrom a setof availablechannels.

Consideratree,denotedoy 7, thatneeddo be establishedhn the network. Let Pr(T';) denotethe probability thatexactly
Ty trunks are availableto establishthe tree. Pr(0), therefore,denotesthe blocking probability of tree establishment.To
computePr(Ty), assumehatT, trunksarefree onthefirst link andT, trunksamongthemareavailablefor establishinghe
tree. Pr(Ty) canbewritten as,

K K

Pr(Ty)= Y. > Pr(Ty|T,,T,)Pi(Ts,T)) 1)
To=Tf; Ty=T,



wherePr (T |T,, T,) denoteshe probability of T'; trunksbeingavailableto establisithetreegiventhatT), trunksarefreeon
thefirst link with T, amongthembeingavailable. P, (T,,T,) denoteghe probability that T, trunksarefree on thefirst link
with T, amongthembeingavailable. P, (T,, T,) canbewrittenas,

_ | P(T,) fT,=T,
P(T:,T,) = { 0 otherwise. 2)
where,P(T,) denoteghe probabilityof T, trunksbeingfreeonalink.

Pr(T¢|T,,Ty) is computedby consideringwo cases(1) if thetreedoesnot have ary branchingand(2) if thetreehasa
branching.

Casel:
If thetree7 doesnothave ary branchingthenit is merelya path.If the pathconsistof z links, then P (T%|T,,T,), denoted
asP.(Ty|T,, T,) for apath,canbeexpresseds:

K
P(Ty|T.,T,) = Y P.(Ty,TV[T.,T,) ®)
T, =Ty

whereP, (T}, T;|T;,T,) denoteghe probability of having Ty trunksavailableon a z-hop pathwith T; trunksfree on the last
link giventhatT), trunksarefreeonthefirst link with T, amongthemavailable.

A z-link is analyzedasatwo-hoppathby consideringhefirst z — 1 links asthefirst hopandlasttwo links asthe second
hop,asshovnin Fig. 3.

First hop with (z-1) links
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Figure 3. A z-link pathmodel.

Let T}, andT},, denotethe numberof trunksavailableon the first hopandnumberof trunksthatarefree on thelastlink of
thefirst hop(link z — 1), respectiely. P, (T, T;|T,,T,) canthenberecursvely computedhs:

K K
Pz(TfaTl|TzaTy) = Z Z Pz—l(Than|Tw:Ty) P(TfaTl|Than) (4)
Tp=T; Tp=Th

whereP (T, T;|Ty, T,) denoteghe probability of T trunksbeingavailableon the z-link pathwith 7; trunksfree on the last
link giventhatT, trunksareavailableonthefirst hopwith T}, trunksfreeonthelastlink of thefirst hop.

Thestartingpoint of therecursionP; (T, T1| T, Ty) is givenby:

1 ifT, =T, T, =T,

BTy, TiTe, Ty) = { 0 I(];thérwisg.and e (5)
Case2:

If thetreehasa branchingat anintermediatenode,thenthe computationof the desiredprobability is carriedout by splitting
thetreeinto a combinationof a pathandsubtrees.Consideran exampletreeasshowvn in Fig. 4(a)to be established As the
treehasbranching,it is split into a pathuptothe intermediatenode, denotedby P, anda setof subtreeghat branchout at
theintermediatenode. Let s denotethe numberof subtreesat the branchingpointand 7y, 7s, ..., 7, denotethe subtrees.The
splitting of the treeinto a pathanda setof subtreesareshavn in Fig. 4(b). Note thatthelastlink of the pathandfirst link of
thesubtreearethe same.

Let Pp (T, T,|T,, T,) denotethe probability that T, trunksare available to reachthe intermediatenodewith T, trunks
freeonthelastlink of the pathgiventhatthefirst link hasT), freetrunkswith 7, amongthemavailable. The probability of T’
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Figure 4. (a) Examplemulticasttree consideredor analysis.(b) Decompositiorof the treeinto a pathanda setof sub-trees
for analysis.

trunksbeingavailableto establisithe giventreecanbe obtainedby summingoverall possiblevaluesof T, T.,, andnumberof
trunksavailableto establistpathson eachof the s subtreesHence,|t follows:

Pr(Ty|T,, T,) Z Z Z Pp(Tu,mTz,Ty)P(tl,tz,...,ts|Tu,Tv)P(Tf|t1,t2,...,ts,Tu) (6)
TfTv (t1,t2,

whereP(t1,ta, ..., ts| T, Ty) denoteghejoint probabilitythatsubtreeé hasexactly ¢; trunksavailablegiventhatthefirst link

in the subtreehasT, trunksfreewith T,, amongthemavailable. P(T%|t,t, ..., ts, T,,) denoteshe probability of T trunks
beingavailablefor establishinghe treegiventhat T, trunksareavailableto establishthe pathandt; trunksare availableto

establishsubtre€7;. Note thatthis probability doesnot dependon the numberof free trunkson thefirst link of the subtrees
(T,) asary trunk thatis availableto establisha subtreemustbe within the setof availabletrunksin thefirst link of the subtree
(Ty). It canbealsoobseredthatt; > T¢,1 <14 < s.

It is assumedhatthe distribution of the channelsacrosdifferentsubtreesareindependentdf oneanother Similar to link
correlationthereis alsoa correlationfactorthatis introduceddueto theintra-channetopying. Hencejf achanneis occupied
in a subtree thenthereis a positive probability that a channelin the sametrunk canbe occupiedin anothersubtreeasthey
couldbe partof atreeestablisheckarlier However, asthe offeredload dueto multicasttraffic is expectedto be muchsmaller
comparedo the unicastconnectionsthis correlationis neglectedin this paper Assumingthe channeldistribution acrosshe
subtreesreindependentf eachother P(ty, s, ..., ts| T, T) canbewritten as:

P(ty,ta, . ts|Tu, To) = [ [ Pri(tilTu, T) 7)

i=1

Let Py(Ty|t1,t2, .., ts, Ty, Tr) denotethe probability of T'; trunksbeingavailableto establishthe treegiventhatt; trunks
are availableto establishsubtreeT; with T,, + T, trunksavailableon the first link of the subtreeswith the constraintthat a
trunk thatis availableto establishthe treemustfall within the T, setof trunks. It follows that Py (T |t1, t2, ..., ts, Ty) iS Same
as P;(Ty|t1,ta, ..y ts, Ty, 0). Ps(T¢|t1,t2,...,ts, Ty, Tr) is computedrecursiely by consideringone subtreeat a time and
updatingthe numberof trunksavailableto establistthe treedependingon the numberof availabletrunkson the subtreehatis
considered.

min(t1,Ty)
Py(T¢lt1,t2, s tes Tuy Tp) = D Pultlts, Tu, To) Pacy (T [ta, ts, ooos to, t, T + T — 1) (8)
t=Ty
where,
Ty T,
(t|t1,Tu,T) ( )(tl t)

(@ ©)
t1

P(Ty) and P(Ty, T;|Ty, T,) form the basisfor the analysisdevelopedin this section. Theseprobabilitiesare computed
using a two-link correlationmodel. Computingtheseprobabilitiesare not explainedin this paperdueto spaceconstraints.
Readersarereferredto the earlierwork by the authors? for a detaileddescriptionon the computationof the above probabil-
ities. Computingthe above probabilitiesrequiresestimationof call arrival ratesat a link, which is discussedn the following
subsection.



4.1. Estimation of call arrival rateson alink

Typically, thenetwork traffic is specifiedn termsof offeredload betweemodepairs. Thecall arrival ratesatthenodeshave to
betranslatednto arrival ratesat individual links in the network. The computatiorof blocking probability depend®n the link
arrival rates,andthelink arrival rates,n turn,dependnthenetwork blockingprobability. However, if theblocking probability
in the network is small, thenits effectonthelink arrival ratescanbeignored. The estimationof thelink arrival rateshasalso
beendiscussedh.'”

Considera network with N nodesand L links. The meanpathlengthof a connectionin the network is givenby Z,, =
Ziv:_ll z P(z), where P(z) denoteghe path-lengthdistribution. The arrival rate of calls at a nodeis denotedby A,,. The
averagdink arrival rate,denotecby ), is computecas) = M2aZa

Theabove computatiorconsideronly unicastconnectiongor computingthecall arrival ratesatalink. Accountingfor the
increasen thelink load dueto multicastconnectionss morecomplex. However, it is expectedthat the numberof multicast
connectionsn a network would be muchsmallercomparedo unicastconnectionsHence this increasen thelink loadcanbe
neglected.

To accountfor link-correlation,the arrival ratesof callsto a link thatcontinueto a next link alsoneedsto be computed.
The only known parametenf the pathlengthdistribution is the meanpathlength, Z,,,. Hence,the probability thata call on
agivenlink will continueto the next link canbe computedn sereral possibleways. Onepossibleapproachs to assumehat
the probability thata call onalink continuego a next link is independenbf the numberof links traveledby the call. Hence,
ateachnode,the probabilitythata call is destinedo thatnodeis givenby ZLM Hence the probability thata call is continuing
atagivennodeis 1 — % Let the numberof exit links for a pathat a nodebe denotedby E, whereexit links for a pathis
definedasthoselinks at a nodethatdo not connecthe nodeto ary of the previousnodesin the path. The arrival rate of calls
to alink ata nodethat continueto a specificoutputlink is denotedoy A. = ~.\A, where~, is the correlationfactorgiven by

1= (1-7) %

5. PERFORMANCE EVALUATION

Two regular k-ary treestructuresare consideredor performancesvaluation: (1) binary (¢ = 2) and(2) ternary(k = 3). The
numberof levelsin the tree are denotedby L, with the sourcereachingthe 2~ destinationnodes. The root of the nodeis
assumedo the sourceandthe leaf nodesare assumedo be the destinations.The numberof hopsbetweentwo successie
branchinghodeds denotediy Z. Thedistancebetweerthesourceandthefirst branchingnodeis setasZ + 1. Fig. 5(a)and(b)
shaw binarytreeswith thedistancebetweerthebranchingnodesasl and2, respectiely. NotethatasZ increasesthe number
of links in thetreeincreases.

@z=1

Figure 5. Examplebinary treesconsideredor performanceavaluation. (a) Distancebetweentwo branchingnodesis 1. (b)
Distancebetweertwo branchingnodess 2.



Theblockingperformancef multicasttreeestablishmerdreevaluatedn two networks: (1) 100 x 100 bi-directionalmesh-
torusand(2) 12-dimensionahypercubenetwork. The choiceof thesenetworksaredueto the mediumandlow correlationof
link-loads. Eachlink in the network is assumedo have 20 channelsTwo combination®f trunk andchannelkcombinationsare
considered(1) 4 trunksand5 channelpertrunk and(2) 1 trunk and20 channelpertrunk.

A nodethatviews alink as K trunkswith S channelger trunk is referredto asa K x S node. A nodethatemploys
full-permutationswitchingis denotedby FP andthatwhich provideschannel-spacswitchingis denotecby CS.

Tablesl and2 shaw theblockingperformancdor establishinga 3-level binarytreeand3-level ternarytrees respectiely, in
a100x 100bi-directionalmesh-torusetwork. Tables3 and4 show the blocking performanceversudink loadfor establishing
a 2-level binary tree and 2-level ternarytrees,respectiely. The performancerendsare similar for both the networks. The
blocking probability with 4x5 CS switchesis two to four ordersor magnitudehigherthanthatwith 1x20 FP switcheswith
increasingdink load. The blocking probability with 4x5 FP switchesis at-mostoneorderof magnitudehigherthanthatwith
1x20FPswitches.Theseresultsindicatethata significantperformanceouldbeobtainedf thechanneldn alink aresplitinto

moretrunksandemploying full-permutationswitching.

Link load
Nodetype 1E 2E 5E 7E
4x5CS 1.4x1071%  6.1x107'!  1.8x107° 6.7x1072
8.1x107% 53x1071% 1.7x107* 29x107!
3.3x1071  23x107%°  6.9x107* 5.4x107!
4x5FP 2.8x107¥® 1.1x107'?  1.9x1077  1.4x1073
54x107%  22x107'2  4.4x1077 5.4x1073
8.1x1071®  34x107!2  82x1077  1.4x1072
1x20FP 24x107%  93x107  1.3x1077 4.8x107*
47x1071®  18x107!2  26x1077 9.2x10™*
7.0x1071®  2.7x107'2  3.8x1077  1.4x1073

Table 1. Blocking probability versuslink load for establishinga 3-level binary treein a 100x 100 bi-directionalmesh-torus

network.

Link load
Nodetype 1E 2E 5E 7E
4x5CS 22x1071  15x107°  4.6x107* 4.6x107!
2.8x1071  19x107%  48x107% 8.8x107!
1.3x107%%  92x107% 1.8x1072 9.8x107!
4X5FP 7.2x1071®  3.0x107!2  6.8x1077 1.0x1072
15x10"17  65x107'2  25x107% 55%x1072
22x107Y7  11x107'' 7.2x107¢  1.4x107!
1x20FP 6.2x1071%  24x1072  34x1077 1.2x1073
1.2x10~%7  47x107'2  6.7x10”7  2.4x1073
1.8x10717  7.1x107'2  10x107% 3.6x1073

Table 2. Blocking probability versuslink load for establishinga 3-level ternarytreein a 100x 100 bi-directionalmesh-torus
network.

It is alsoobsenedthatthe blocking probability for establishinga path,having the samenumberof links asin treesconsid-
eredabove, is almostthe sameastheblocking probability of establishinghetreein the network with sameswitcharchitecture.
Thepathblockingprobabilitiesarenotreportedseparatehasthey exactly matchthe valuesof thetreeblocking performanceo



Link load
Nodetype 1E 2E 5E 7E
4x5CS 6.9x10717  35x1071  7.7x107¢ 2.6x1072
52x1071  29x1071°% 6.9x107° 1.4x107!
21x1071  1.2x107%°  27x107*  3.1x107!
4x5FP 1.2x10'%  48x107'® 7.3x107% 3.9x107*
23x107¥  91x107*  15x1077 1.2x1073
34x1071®  1.4x107'2  26x1077  2.8x1073
1x20FP 1.2x107%  47x107'®  6.6x107% 2.4x107*
2.3x1071®  87x1071  1.2x1077 4.5x10™*
33x107*®  1.3x107'2  1.8x1077 6.6x107*

Table 3. Blocking probability versudink loadfor establishinga 2-level binarytreein a 12-dimensionahypercubenetwork.

Link load
Nodetype 1E 2E 5E 7E
4x5CS 41x1071  23x1071% 55x107® 1.7x107!
45x1071  26x107° 57x107* 4.4x107!
2.0x107*  12x107%  23x107% 7.1x107!
4X5FP 21x107*®  85x1071  1.4x1077 1.0x1073
42x107  17x107'2  35x1077 4.5x1073
6.4x1071%  27x107'2  7.4x1077  1.2x1072
1x20FP 21x1071®  82x1071  1.2x1077  4.2x10™*
41x107®  1.6x107'2  22x1077 8.1x107*
6.0x107*®  23x107!2  33x1077 1.2x1073

Table 4. Blocking probability versudink loadfor establishinga 2-level ternarytreein a 12-dimensionahypercubenetwork.

theaccurag reportedn thetables.The differencebetweerthe blocking probabilitiesof establishinga binaryor aternarytree
anda pathwith samenumberof links areobsenedto belessthan1% of the pathblocking performanceln generaljf thede-
greeof branchingateachnodein the network decreaseshetreeblocking performanceanbeapproximatedo a pathblocking
performancevith thenumberof links in bothbeingthe same.Notethat,in anextremecasevhenthedegreeof branchingatthe
intermediatenodeis the sameasthe numberof destinatiomodestheanalyticalmodelemulates statisticallink-independence
model. Hence,its comparisorwith the blocking performanceof a pathwith the samenumberof links would indicatethe
differencebetweerthe blocking probabilitiesobtainedusinga link-independencandlink-correlationmodel,which could be
significantfor longerpathsandat high network loads.

6. CONCLUSION

In this paperananalyticalmodelfor evaluatingtheblockingperformancdor establishingnulticasttreesin time-spacewitched
opticalnetworkshasbeendeveloped.Theblocking performancdor establishingegularbinaryandternarytreesareevaluated
on two differentnetwork architecturesndthreedifferentswitch architectureslt is alsoobsenedthatfor theseanalysesthe
blocking probability of a pathmatchthatof atreewith the samenumberof links with low degreeof branching.

While it canbe concludedrom the above resultsthat pathblocking probabilitiescanapproximatereeblocking probabil-
ities, with the samenumberof links with lower degreeof branching(for 2 and3), the limit on the degreeof branchingabove
which the the differenceexceedsa givenfactorremainsto be studied. In this paper a randomchannelassignmenalgorithm
hasbeenassumedor the analysis. The effect of otherchannelassignmenalgorithmssuchasfirst-fit, best-fit, etc. is yetto
be studied. Also, the effect of having limited capabilityon the intra-trunk copying thatallows the signalin only a few setof



trunksto be copiedis alsoto be evaluated. Theseanalysesanthenbeusedto designmulticastroutingalgorithmsthatnot only
optimizecostor wavelengthutilization, but alsoresultin improving the probability of establishinghetree.
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