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Abstract— Recentadvancesin photonic switching have paved the way
for realizing all-optical time switched networks. The current technology
of WavelengthDivision Multiplexing (WDM) offers bandwidth granularity
that match peak electronic transmissionspeedby dividing the fiber band-
width into multiple wavelengths.However, the bandwidth of a singlewave-
length is too large for certain traffic. Time Division Multiplexing (TDM)
allowsmultiple traffic streamsto share the bandwidth of a wavelengtheffi-
ciently. While intr oducing wavelengthconverters and time slot interchang-
ers improvenetwork blocking performance, it is often of interest to know
the incrementalbenefitsofferedby everyadditional stageof switching.

As all-optical networks in futur e are expectedto employ heterogeneous
switching architectures,it is necessaryto have generalizednetwork model
that allows to study thesenetworks under a unified framework. In this pa-
per, anetwork model,calledTrunk SwitchedNetwork (TSN), is proposedto
facilitate modeling and analysisof suchnetworks. An analytical model for
evaluatingthe blocking performanceof aclassof TSN’shasalsobeendevel-
oped.Usingthe analytical model, it is shownthat a significant performance
improvementis obtainedwith a time-spaceswitch with no wavelengthcon-
versionat eachnodein a multi-wavelengthTDM switchednetwork.

Keywords—Optical networks,WDM/TDM switching,Performancemod-
eling

I . INTRODUCTION

AVELENGTH DIVISION MULTIPLEXING (WDM)
hasemergedasanefficient mechanismfor information

transportin all-optical networks. WDM dividesthe available
fiber bandwidthinto a set of wavelengths(WDM channels).
Earlyresearchin opticalnetworksfocusedonsingle-fibermulti-
wavelengthwavelength-routednetworks. Nodesin thesenet-
works canswitch wavelengthsacrossports. WavelengthCon-
verter(WC) is a device thatallows opticalsignalon onewave-
lengthto beconvertedinto anotherwavelength. If wavelength
convertersarenot available,a call arriving at a nodeon a cer-
tain wavelengthhasto be switchedto the samewavelengthat
the output. Although wavelengthconvertersimprove network
blocking performance,the high costof wavelengthconverters
have madeit impracticalto employfull-wavelengthconversion
at all nodes.Therole of wavelengthconvertersin wavelength-
routednetworkshasbeenstudiedin [1], [2], [3], [4], [5], and
[6]. Theroleof sparse-wavelengthconversion,whereonlyafew
nodesin thenetworkhave full-wavelengthconversioncapabil-
ity, hasbeenanalyzedin [6]. Theeffect of limited-wavelength
conversion,wherea given input wavelengthcan be converted
into a setof, but not all, outputwavelengthshasbeenstudied
in [7] and[8]. Multi-fiber multi-wavelengthwavelength-routed
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networkshave beenshown to offer blockingperformancesimi-
lar to thatof networksthatemploylimited-orsparse-wavelength
conversionin [9], [10], and[11].

WDM offers bandwidthgranularitycloseto the peakelec-
tronic transmissionspeed. The bandwidthof a single wave-
lengthis too largefor certaintraffic requirements.While some
traffic mayhavearequirementof fractionalwavelength,another
traffic thatis alreadyusinga full-wavelengthmight wantto ex-
pandits capacity, but not want to pay for anentirenew wave-
length. This motivatesthe needfor providing fractionalwave-
lengthcapacityto thenetworktraffic.

Provisioning fractional wavelengthcapacityis achieved by
dividing a wavelengthinto time slots and multiplexing traffic
on the wavelength. The resultingoptical time division multi-
plexed networks(OTDM networks)canbe classifiedinto two
categories [12]: dedicated-wavelengthTDM (DW-TDM) net-
works andshared-wavelengthTDM (SW-TDM) networks. In
DW-TDM networks,eachsource-destinationpair is connected
by a lightpath, wherea lightpath is definedas an all-optical
connectionbetweentwo nodes. Calls betweenthe sourceand
destinationaremultiplexedon the lightpath. If the bandwidth
requiredby anew call atanodeis notavailableonany of theex-
isting lightpathsto thedestination,a new lightpathto thedesti-
nationis established.On theotherhand,in SW-TDM networks,
if a call cannotbe accommodatedon an existing lightpath to
the destination,it is allowed to be multiplexed onto an exist-
ing lightpathto anintermediatenode.Thecall is thenswitched
fromtheintermediatenodeto thefinaldestinationeitherdirectly
or throughothernodes.However, if noneof theexisting light-
pathsfrom thenodecanaccommodatethecall, a new lightpath
to thedestinationis established.

Theperformanceof SW-TDM networksdependon efficient
merging of thefractionalwavelengthrequirementsof thenodes
into a full or almost-full wavelengthrequirement.This merg-
ing of traffic from different source-destinationpairs is called
traffic grooming. Nodes that can groom traffic are capable
of multiplexing/de-multiplexing lower ratetraffic onto a wave-
lengthandswitchingthemfrom onelightpathto another. The
groomingof traffic canbeeitherstaticor dynamic.In statictraf-
fic grooming,the source-destinationpairswhoserequirements
arecombinedarepre-determined.In dynamictraffic grooming,
connectionrequestsfrom differentsource-destinationpairsare
combineddependingon the existing lightpathsat the time of
requestarrival.

Recentadvancesoptical switching technology, as in [13],
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[14], and [15], have shown the possibility of realizing fast
all-optical switchesswitcheswith switching time less than a
nanosecond.Theuseof suchfastswitchesalongwith fiber de-
lay linesastime-slotinterchangers[16], [17] haveopenedupthe
possibilityto realizeopticaltimeswitchednetworks.Thesenet-
workswill bereferredto asOTDM Switchednetworksin therest
of thispaper. Connectionbetweenasourceanddestinationin an
OTDM switchednetworkis realizedby assigninga timesloton
every link of a chosenpath,with theconstraintthat theslot on
one link can be switchedto the next link by the intermediate
node.OTDM switchednetworkcanbeconsideredasa special
caseof SW-TDM network,whereall thenodesin networkare
capableof groomingtraffic and lightpathsto the neighboring
nodesareestablishedpermanently. The bandwidthgranularity
offeredby anOTDM networkis determinedby thedurationof
a time slot which, in turn, dependson the speedat which the
switchingcanbeaccomplished.In general,anOTDM switched
networkis a multi-fiber, multi-wavelength,TDM-switchedall-
opticalnetwork.

Routingindividualslotdynamicallyrequiresinformationpro-
cessingin optical domain. However, the technologyin opti-
cal processingandstoragehasnot maturedto achieve run-time
routing decisionsat high-speeds.Therefore,OTDM switched
networksareexpectedto becircuit-switched in nature. As the
informationin a time slot is not readby an intermediatenode
at run-time,the switchingemployedhereis alsoreferredto as
transparentoptical switching.

In [12], a single-fibermulti-wavelengthTDM-switchednet-
work hasbeenanalyzedfor blockingperformance,asanexten-
sionof the link-independencemodelproposedfor wavelength-
routednetworkin [3] and[4]. The equivalenceof single-fiber
multi-wavelengthTDM-switchednetworkto multi-fiber multi-
wavelengthwavelength-routednetworkshasbeenshown in [10]
and [11]. A wavelength-routednetwork is a specialcaseof
OTDM switchednetworkwhenevery wavelengthhasonetime
slot.

It is well understoodthatall-opticalnetworksin futurewould
compriseof nodesthatemployheterogeneousswitchingarchi-
tectures,like wavelength-routingswitch,OTDM switchwith or
without wavelengthconversion,etc. The existing work on the
analysisof opticalnetworksin literaturestudytheroleof switch-
ing functionalities,like wavelengthconversion,time slot inter-
change,etc. in isolation.In otherwords,thenetworkmodelthat
is consideredhasnodesthateitherhave or do not have thespe-
cific functionalitythat is studied.However, in orderto analyze
a networkwith nodesemployingheterogeneousswitchingar-
chitectures,it is necessaryto have a generalizednetworkmodel
thatwould enablethemodelingof realisticnetworksandeval-
uatethemundera unified framework. In this paper, a network
model,calledTrunk SwitchedNetwork (TSN), is proposedto
facilitatemodelingandanalysisof suchnetworks.

The paper is organizedas follows: Section II describes
OTDM switchednetworkarchitectures.SectionIII introduces
the conceptof a trunk switchednetwork and modelingof an
OTDM switchednetwork as a TSN. An analyticalmodel for
evaluatingthe blockingperformanceof a classof TSN’s is de-
velopedin SectionIV. A multi-wavelengthTDM switchednet-
work is analyzedusingthisframework andthenetworkblocking

performanceis comparedagainstthreedifferentswitch archi-
tectures.SectionV discussestheperformanceresultsobtained
usingtheanalyticalmodel.SectionVI concludesthepaper.

I I . OTDM SWITCHED NETWORKS

An OTDM switchednetworkconsistsof switchingnodesin-
terconnectedby oneor moreopticalfibers.Eachfiber carriesa
certainnumberof wavelengths.Eachwavelengthis dividedinto
frameswhich arefurthersub-dividedinto time slots. Let � de-
notethenumberof linksatanode,� denotethenumberof fibers
per link, � denotethenumberof wavelengthsperfiber, and �
denotethenumberof timeslotsperframeona wavelength.

Every slot within a frame can be denotedby a 4-tuple,���
	��
	���	����
, where ��� � ��� , ��� � ��� , ��� � ��� , and��� � ��� . For example,the tuple

� � 	 � 	���	 � � (readfrom right
to left) denotesfirst time slot in a frameon the secondwave-
lengthof the first fiber on the first link. A channelon a link is
definedasacollectionof aparticulartimeslotacrosssuccessive
frames.Hence,thenumberof channelsin a link is thesameas
the numberof slots in a frame, ����� �!� . Eachchannelis
alsorepresentedby a 4-tuple,

���
	��
	���	����
, similar to the repre-

sentationof a slot. It canbeobserved that if a framehasonly
onetime slot, ��"#� , an OTDM switchednetworkreducesto
a multi-fiber multi-wavelengthwavelength-routednetwork. A
switch at a nodemapsan input channelto an outputchannel.
Theconstraintson themappingof aninputchannelto anoutput
channelis determinedby thenatureof theswitch.

The simplestswitch architectureis a spaceswitch. In this
switch, an input channel,

���$	��
	��%	&����'
, could be mappedto an

outputchannel,
���
	��
	���	����$(

, if andonly if
� ' " ��( , � ' " �)( ,

and
� ' " �*( . With atimeslot interchanger(TSI), aninputchan-

nel
�+�$	��,	���	����&'

could be can be mappedto an outputchannel���
	��
	���	���� (
, where

�$'�-" � ( , by delayingthesignals.A combi-
nationof timeandspaceswitchingcanbeemployedin multiple
stagesto realizemore permutationof spaceand time. If the
switchesdo not employwavelengthconversion,thenthewave-
lengthof theinputandoutputchannelsmustbethesame,hence�.' " � ( . In networkswith multiplefibersconnectingtwonodes
aninputchannel,

���$	��
	��%	&��� '
, canbemappedto anoutputchan-

nel
�+�$	��,	���	���� (

, where
�/'0-" � ( .

I I I . TRUNK SWITCHED NETWORKS

A trunkswitchednetwork(TSN) consistsof switchingnodes
interconnectedby links. Eachlink hasa setof channels.The
numberof channelsin a link, denotedby 1 , is thesameon all
the links in the network. A nodein a TSN views a link as a
setof 2 trunkswith 3 channelsper trunk, where 2435"#1 .
Fig. 1 showsthenodearchitecturein a TSN.Thenodehasfour
links connectedto it. Eachlink is viewed asa setof 4 trunks
by the node. Switchingat every nodeobeys the following two
conditions:6

A full-channelinterchanger(FCI) is employedat theinput
for every trunk,asshown in Fig. 1.6
Switchingat a nodeobeys trunk-continuity constraint,i.e.,
thechannelscannotbeswitchedacrosstrunks.

Thedefinitionof a trunkcouldbedifferentacrossnodes.For
example,onenodecouldview alink as 287 trunkswith 397 chan-
nels per trunk while anothernodecould view the link as 2�:
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trunkswith 3 : channelspertrunk, where 287;397<"�2 : 3 : "=1 .
Fig. 2 shows two nodesin a TSN connectedby a link. Thein-
put to switch from otherlinks at thenodearenot shown in the
figure. Fig. 2(a)shows two nodesthatview the link asa setof
4 trunks. In Fig. 2(b), thefirst nodeviews the link as3 trunks
while thesecondnodeviewsthelink as4 trunks.
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Fig. 1. Nodearchitecturein aTSN.
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Fig. 2. Two nodesconnectedby a link in a TSN. (a) The link is viewed as4
trunksby both the nodes.(b) The link is viewed as3 and4 trunksby the
first andsecondnode,respectively.

A TSN is saidto be homogeneousif the collectionof chan-
nelsthatconstituteatrunkatanodeis thesamefor all thenodes
in the network. Otherwise,it is saidto beheterogeneous. The
nodesshown in Fig. 2(a) could form a part of homogeneous
TSNif thechannelsthatconstituteatrunk for thetwo nodesare
the sameasthat at the restof the nodes. Note that two nodes
couldview a link asa setof 2 trunks,but couldstill behetero-
geneousif thechannelswithin the trunksarenot identical. On
theotherhand,thenodesshown in Fig. 2(b)formapartof ahet-
erogeneousTSN. Althoughthe trunk definition is thesamefor
all the nodesin a homogeneousTSN, the switchingemployed
within atrunkcouldbedifferentatdifferentnodes.As channels
cannotbeswitchedacrosstrunksat a node,by thedefinitionof

a trunkat thenode,ahomogeneousTSNimposesanend-to-end
trunk-continuityconstraint on theconnections.

A trunkonalink, asviewedby anode,is saidto bebusyif all
thechannelsin thetrunkarebusy, otherwiseit is saidto befree.
Fig. 3 shows a nodein a TSN andoneof its input andoutput
links. Thelink is viewedasa setof 4 trunksby thenode.The
numberof channelsbusyona trunkat theinputof anodeis the
sameasthe numberof channelsbusy on the trunk at the input
to theswitchat thenode.However, thedistribution of thebusy
channelson the trunk at the input of thenodeis differentfrom
thatat theinputof theswitch.Thenumberof trunksbusyat the
input of a nodeis thesameasthenumberof trunksbusyat the
inputof theswitchat thatnode.

FCI

FCI

FCI

FCI

Node

Switch

Switch

Switch

Switch

Link Link

Fig. 3. Two links connectedby anode.

Considera trunk on a two-link path(a trunk at theinput and
outputof the nodeshown in Fig. 3). The trunk is said to be
availableon the two-link pathif thereis a free channelin the
trunk on thefirst link thatcanbeswitchedby thenodeto a free
channelin the secondlink, subjectedto the constraintsof the
switch.Hence,if atrunkis freeontwo links individually, it does
not necessarilyimply that thetrunk is availableon thetwo-link
path. For example,considera scenariowhenthe switch at the
nodeshown in Fig. 3 is a space-onlyswitch7 . Hencechannel
continuity constraintis imposedby the switch. Also, assume
that thereare5 channelsper trunk. Let channels1 and2 on a
trunk bebusyat the input of the switchandchannels3, 4, and
5 bebusy at theoutputof the switch. The freechannelsat the
input of the switch (hence,at the node)cannotbe switchedto
thefreechannelsatoutputof theswitch.Hence,thetrunkis not
availableon thetwo-link path.

A connectionbetweena sourceanddestinationis established
over a path.Eachpathconsistsof a setof links andthenumber
of links in a pathdenotesthe lengthof thepath. Theselection
of a pathin the networkcould be eitherstaticor dynamic. A
connectionbetweena sourceanda destinationover a path is
realizedby assigninga channelon eachlink on the pathsuch
thatevery nodeon thepathcanswitchthechannelassignedon
its input link to thechannelassignedon its outputlink. A call is
saidto beblockedif sucha channelassignmentis notpossible.

A. ModelinganOTDM switchednetworkasa TSN

An OTDM switchednetworkcanbemodeledasa TSN. Al-
thougha trunkcanbedefinedasanarbitrarycollectionof chan-
nels,only a few makeameaningfultrunkdefinitionin reality. A
few possibletrunk definitionsat a nodearediscussedherewith
anexample.>

Althoughtheswitchatanodeis space-onlythenodebehaveslike achannel-
spaceswitch.
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Considera link with onefiber, 4 wavelengthsperfiber and5
timeslotsperwavelength( �?"=� , �@"?A , �?"CB ). Eachsloton
a link
�

is denotedby a 4-tupletuple
���
	��
	���	����

, where
� "D� ,�0� � ��A , and �E� � �FB .6

If time slot interchangeandwavelengthconversionarenot
permitted,then, for any link

�
, eachwavelengthandtime

slot combinationcanbe treatedasa trunk, i.e., �EGIHKJML NPO."QR���$	 � 	���	�����S . In this case,a link is viewedas �?� trunks
with onechannelpertrunk.6
If time slot interchangeis permitted,but not wavelength
conversion,thenfor agivenlink

�
, everywavelengthcanbe

consideredasatrunk,i.e., �EG J " QT���
	 � 	��%	&���/U �.� � ��� S .
Thus, a link is viewed as � trunkswith � channelsper
trunk. Note that, the switch at a nodeneednot provide
full-permutationswitchingcapability.6
If full-wavelengthconversionis permitted,but nottimeslot
interchange,thenfor a given link

�
, a time slot on all the

wavelengthscanbe groupedto form a trunk, i.e., �EG N "QR���$	 � 	���	����VU �W� � �X� S . Thus, a link is viewed as �
trunkswith � channelspertrunk.6
If both full-wavelength conversion and time slot inter-
changearepermitted,thentheentirelink is treatedasone
trunkwith �?� channels.

A multi-fiber multi-wavelength wavelength-routednetwork
with � fibersand � wavelengthswith no wavelengthconver-
sion can be viewed as � trunks with � channelsper trunk.
If full-wavelengthconversionis available, then a link can be
viewed as a single trunk with ��� channels. However, net-
worksthatemploylimited-wavelengthconversion,asdefinedin
[7] and[8], cannotbemodeledasa TSN, asa full-permutation
wavelength-conversionis notemployed.

IV. ANALYSIS OF TRUNK SWITCHED NETWORKS

Considera trunkswitchednetworkwith Y nodes.An analyt-
ical modelfor evaluatingtheblockingperformanceis developed
in thissectionbasedon thefollowing assumptions:6

The call arrival at every nodefollows a Poissonprocess
with rate Z\[ andis equallylikely to bedestinedto any other
node.Thechoiceof Poissontraffic is to keeptheanalysis
tractable.6
Thetraffic is assumedto bepoint-to-point (nobroadcastor
multi-casttraffic is considered).6
Thebandwidthrequirementof every call is assumedto be
of onechannelcapacity.6
Theholdingtime of every call follows anexponentialdis-
tributionwith mean 7] . TheErlangloadofferedby a node

is ^ [ "5_a`] .6
The pathselectionis pre-determined(fixed-pathrouting),
eg: shortest-path.6
Blockedcallsarenot re-attempted.6
A call is assigneda channelrandomlyfrom a setof avail-
ablechannels.

The network blocking probability is computedas the aver-
ageblockingprobabilityexperiencedoverdifferentpathlengths.
Considera b -link pathmodelasshown in Fig. 4.

pT Tl

Th

Tf

D

First hop with (z−1) links Second hop

T

T1

2
1 2 z

Fig. 4. A z-link pathmodel

Let c9d � �,e � denotethe probability of �
e trunksbeingavail-
ableon a b -link pathasviewed by the last nodeon the path:
(node b ). The definitionof the trunk is asviewedby the node
denotedby thesuffix for c . cfd � �
e4"�g � denotestheblocking
probability over the b -link path. The ensembleaverageof the
networkblockingprobability, denotedby c9h , is obtainedas:

c h " i0j 7k dml97 cfd � �
en"Cg � c � b � (1)

where c � b � denotesthe probability of selectinga b -link path.c � b � dependsonthenetworktopologyandroutingstrategy em-
ployedin thenetwork,andcanbeeasilycomputedfor mostreg-
ularnetworktopologiesandroutingstrategies.

Let c9d � �,e 	 �,o � denotethe probability of �
e trunks being
availableon a b -link pathwith � o trunksfree on the last link.
It canbe seenthat the last link shouldhave at-least� e trunks
free,therefore�
oMpq�
e . c9d � �,e � canthenbewrittenas:

c9d � �
e � " rtskuTv l uTw cfd � �
e 	 �
o � (2)

where 2�d denotesthe numbertrunks in the link asviewedby
nodeb .

A b -link pathcanbe analyzedasa two-hoppathby consid-
ering the first b�xy� links asthe first hopandlast two links as
thesecondhop,asshown in Fig. 4. Let �{z and �R| denotethe
numberof trunksavailableon the first hop andthat which are
freeon thelastlink of thefirst hop(link b}x�� ) asviewedby the
lastnodeonthefirst hop(nodeb.x�� ). Let � 7 and �{: denotethe
numberof trunksfreeonthefirst hopandnumberof trunksfree
on thelastlink of thefirst hopasseenby thenodein thesecond
hop(node b ). c d � � e 	 � o � canthenberecursively computedas:c d � � e 	 � o � "n~�� s
�R����V�R� ~C� s
�R����V����� ~C� s� � ��� w ~C� s�m�$�\� ����;� >/���R�*���*�V� � ���\>������*� �T�I�P�I�V� � �����*���T��� �\>������m� (3)

wherec � �
e 	 �,o U �97 	 � : � denotestheprobabilityof �
e trunksbe-
ing availableon the secondhopwith � o trunksfreeon the last
link of thesecondhopgiventhat �97 trunksareavailableon the
first hopwith � : trunksfreeat theinput to thenodeon thesec-
ondhop. c � �97 	 � : U �{z 	 �R| � denotestheprobabilitythatthenum-
berof trunksavailableonthefirst hopandnumberof trunksfree
on thelastlink of thefirst hopasviewedby thenodein thesec-
ondhopare �f7 and � : , respectively, giventhat the trunk avail-
ability asviewedby thelastnodeon thefirst hopis ��z and �R| .�

Thedestinationis not consideredasthelastnodein thepath.
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For homogeneousTSN’s, c � �f7 	 � : U �{z 	 �T| � is definedas:

c � �97 	 � : U �{z 	 �R| � "�� � if �{z�"?�97 and �T|�"?� :g otherwise
(4)

For a homogeneousTSN,Eqn. (3), therefore,reducesto:

c9d � �
e 	 �
o � " rku � l uTw
rku � l u � c9d j 7 � �{z 	 �R| � c � �,e 	 �
o U ��z 	 �R| �

(5)

where2 denotesthenumberof trunksin a link asviewedby the
nodesin thenetwork.Thecomputationof c � � 7 	 �{: U � z 	 � | � for
differenttrunk definitionsis currentlybeingstudiedby the au-
thors.Hence,thescopeof theanalysispresentedin this section
is limited to homogeneousTSN’s.

Thestartingpointof therecursion,for b�"=� , is definedas:c 7 � � e 	 � o � " � c � � o � if � e "�� og otherwise
(6)

where c � � o � denotestheprobabilityof � o trunksbeingfreeon
a link. Thecomputationof c � � o � is discussedin SectionIV-B.c � �
e 	 �
o U �{z 	 �R| � is computedby conditioningonthenumber
of trunksfreeon thelastlink as:

c � � e 	 � o U � z 	 � | � " ���  ��¡
c � �
e U �{z 	 �T| 	 �,o � c � �
o U ��z 	 �T| �

if � z pq� eg otherwise

(7)

where c � �,o U ��z 	 �T| � denotesthe probability of �,o trunksbeing
freeonthelastlink giventhat �{z trunksareavailableonthefirst
hop with �R| trunksfree on the last link of the first hop. The
numberof trunksfree on the last link dependson the number
of trunksfreeon theprevious links. If thecorrelationof traffic
on a link is assumedto beonly dueto its previous link, thenit
is referredto asthe Markoviancorrelation. With the assump-
tion of Markovian correlation,c � � o U � z 	 � | � canbe reducedtoc � �,o U �R| � . Hence,Eqn.(7) canbewrittenas:

c � � e 	 � o U � z 	 � | � " ���  ��¡
c � �,e U �{z 	 �T| 	 �
o � c � �
o U �R| �

if � z p¢� eg otherwise

(8)

c � �
e U �{z 	 �T| 	 �,o � denotesthe probability that �
e trunksare
availableon the two-hoppathgiven that �,o trunksarefree on
thelast link and �{z trunksareavailableon thefirst hopwith �R|
trunksfreeon the last link of thefirst hop. c � � e U � z 	 � | 	 � o � is
computedby consideringa two-link pathas shown in Fig. 5.
The numberof trunksfree on the first link andthat which are
freeon thesecondlink aredenotedby � | and � o , respectively.

Thetrunkona two-link pathcanbein any oneof thefollow-
ing four states,asshown Fig. 6:6

Case1: Thetrunk is busyonboththelinks. Thetrunkcan
beeitherpartiallyor fully occupiedby continuingcalls.Let£R¤

denotethenumberof trunksbusyonboththelinks.6
Case2: The trunk is busy on the first link but not on the
second.

Tp Tl

0 1 2

Fig. 5. A two-link pathmodel.
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First link Second Link

Case 1

Case 2

Case 3

Case 4

Fig. 6. A pictorial representationof thestatesof a trunkon a two-link path.6
Case3: Thetrunkis busyon thesecondlink but noton the
first.6
Case4: Thetrunk is freeon boththelinks. Let �
h denote
thenumberof trunksfreeonboththefirst andsecondlinks.
However, this doesnot imply that thesetrunksareavail-
ableon the two-link path. Let ��³ ( �{³´�µ� h ) denotethe
numberof trunksavailableon thetwo-link path.Whenthe
nodeconnectingthe two links employsa full-permutation
switch,a trunk is availableon thetwo link pathif it is free
onboththelinks. Hence,� ³ "?�
h .

Let c � �{³ 	 � h U �R| 	 �
o � denotetheprobabilitythat � h trunksare
freeonboththefirst andsecondlink with � ³ amongthembeing
availableon the two-link pathgiven that � | and � o trunksare
freeonthefirst andsecondlinks, respectively. c � �
e U �{z 	 �T| 	 �,o �
canthenbewrittenas:

c � �,e U �{z 	 �R| 	 �
o � "¢¶ ' [ H u � L uTv OkuT· l u w ¶
' [ H u � L uTv OkuT¸ l uT· c � �
e U ��³ 	 � h 	 �{z 	 �R| 	 �,o �c � � ³ 	 �
h U � | 	 � o �

(9)

where c � �
e U �{³ 	 � h 	 �{z 	 �T| 	 �,o � denotesthe probability of �
e
trunksbeingavailableon thetwo-hoppathgiventhat � z trunks
areavailableon thefirst hop, �R| trunksarefreeon thefirst link
(the first link in the two-link model is the last link on the first
hop), � o trunksarefreeonthesecondlink, �
h trunksarefreeon
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both the first andsecondlink and ��³ amongthemavailableon
thetwo-link path.

T
h

T
f

Ta

aT − T
f
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Fig. 7. A pictorial representationof thefreetrunkson the last link of thefirst
hopandthatonthetwo-link path.

Fig. 7 shows the pictorial view of the distribution of free
trunkson the last link of the first hop andthat of the two-link
pathmodel. From this figure, c � � e U � ³ 	 �
h 	 � z 	 � | 	 � o � canbe
computedalongthe linesof the following argument:Given �R|
trunksarefree on the last link of the first hop with � z among
themavailableon the first hop. Also, given �
h trunksarefree
on thefirst andsecondlink of thetwo-link pathwith �{³ among
thembeingavailableonthetwo-link path.Amongthe ��³ avail-
abletrunkson thetwo-link pathexactly �
e trunksoverlapwith
the � z trunksavailableon the first hop. The remainingtrunks
thatareavailableon thefirst hop, � z xÁ� e , arenot availableon
thetwo-link path.This couldoccurin two cases:(1) thecorre-
spondingtrunk is busyon thesecondlink of thetwo-link path,
or (2) thetrunk is freeon thesecondlink but is notavailableon
thetwo-link path(dueto switchingconstraints).Thenumberof
trunksthatsatisfythelattercaseis � h x���³ . Therequiredproba-
bility is computedby assumingthat Â of thetrunksthatarefree
on both the first andsecondlink, but not availableon the two-
link path,overlapwith theremaining� z x�� e availabletrunks
of thefirst hop. Thetrunkson thesecondlink correspondingto
theremaining�{z%x!�
e�x!Â availabletrunkson thefirst-hopare
busy. Thus, c � � e U � ³ 	 �
h 	 � z 	 � | 	 � o � canbewrittenas:

c � �
e U �{³ 	 � h 	 �{z 	 �T| 	 �
o � "�+Ã �Ã w �m� Ã � � Ã �Ã · � Ã w � ~?Ä � Ã � � Ã wÄ ��� Ã � � Ã � � Ã ·/Å Ã wÃ ¸ � Ã · � Ä �� Ã �Ã ¸ �m� Ã ¸Ã · � (10)

where ÆÈÇRÉ � g 	 � hfÊ �{zËx!�R|%x!�
e � �ÁÂn�?ÆÈÌ�Í � �{z%x!�
e 	 � h x� ³ � . For the specialcase,whenthe switch at a nodehasfull-
permutationswitchingcapability, theaboveequationreducesto:

c � �,e U �{³ 	 � h 	 ��z 	 �R| 	 �
o � " �����  ����¡
� Ã �Ã w ��� Ã � � Ã �Ã · � Ã w �� Ã �Ã · �

if � ³ x!� e ��� | xÁ� zg otherwise
(11)

Also, for this case,c � � ³ 	 �,h U � | 	 � o � "Dg if � ³ -"Î�
h . Hence,
Eqn.(9) canbewrittenas:

c � �,e U �{z 	 �R| 	 �
o � "
¶ ' [ H u � L uTv OkuT· l u w c � �
e U ��³ 	 �{³ 	 �{z 	 �T| 	 �,o �c � � ³ 	 � ³ U � | 	 � o � (12)

Theprobabilityvalues,c � ��³ 	 � h U �T| 	 �
o � , c � �
o U �R| � , and c � �,o �
arecomputedby consideringaswitchmodelasexplainedin the
following subsections.

A. Estimationof call arrival ratesona link

Typically, thenetworktraffic is specifiedin termsof offered
loadbetweennodepairs.Thecall arrival ratesat thenodeshave
to be translatedinto arrival ratesat individual links in the net-
work. Thecomputationof blockingprobabilitydependson the
link arrival rates,andthelink arrival rates,in turn,dependonthe
networkblocking probability. However, if the blockingproba-
bility in thenetworkis small, thenits effect on the link arrival
ratescanbeignored.Theestimationof thelink arrival rateshas
alsobeendiscussedin [6].

Consideranetworkwith Y nodesand � links. Themeanpath
lengthof a connectionin thenetworkis givenby:Ï ³�Ð " i0j 7kdml97 bEc � b � (13)

wherec � b � denotesthepath-lengthdistribution.Thearrival rate
of callsatanodeis denotedby Z�[ . Theaveragelink arrival rate,
denotedby Z , is computedas:ZÈ" Y4Z [ Ï ³�Ð� Ñ (14)

To accountfor link-correlation,the arrival ratesof calls to
a link that continueto a next link alsoneedsto be computed.
Theonly known parameterof thepathlengthdistribution is the
meanpath length,

Ï ³�Ð . Hence,the probability that a call on
a given link will continueto the next link canbe computedin
severalpossibleways.Onepossibleapproachis to assumethat
the probability that a call on a link continuesto a next link is
independentof thenumberof links traveledby thecall. Hence,
at eachnode,theprobabilitythata call is destinedto thatnode
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is givenby 7Ò ·;Ó . Hence,theprobabilitythata call is continuing
at a given nodeis �0x 7Ò\·�Ó . Let the numberof exit links for a
pathat a nodebe denotedby Ô , whereexit links for a pathis
definedasthoselinks at a nodethatdo not connectthenodeto
any of thepreviousnodesin thepath.Thearrival rateof callsto
a link ata nodethatcontinueto aspecificoutputlink is denoted
by Z ¤ "¢Õ ¤ Z , whereÕ ¤ is thecorrelationfactorgivenby:Õ ¤ "×Ö{�.x �Ï ³;Ð{Ø �Ô (15)

B. Freetrunkdistribution

Considera two-link pathmodelasshown in Fig. 8. Let Ùa| ,Ù\o , and Ù ¤ denotethenumberof channelsbusyon thefirst link,
numberof channelsbusyon secondlink, andnumberof chan-
nels occupiedby calls that continuefrom the first link to the
second,respectively. Notethat Ù ¤ �yÆ8ÌPÍ � Ù | 	 Ù o � . Thenumber
of channelsbusyona trunkat theinputof node1 is thesameas
thenumberof channelsbusyat theinputof theswitch(afterthe
FCI) at thenode,while thedistributionof thebusychannelsat
the input of theswitch is independentof the distributionat the
inputof thenode.Also, thestateof a trunk (busyor free)at the
input of the nodeis the sameasthatat the input to the switch.
Therefore,thefirst link asreferredin this subsectionhenceforth
wouldcorrespondto thelink viewedat theinputof theswitch.

0 1 2

up u
l

uc

Fig. 8. Channeloccupancyona two-link pathmodel.

Let Z�| denotethe arrival rate for calls to the first link, Z\o
denotethe arrival rate for calls to the secondlink, and Z ¤
[ Z ¤ �5Æ8ÌPÍ � Z�| 	 Z�o � ] denotethe arrival rateof calls to the first
link that continueto the secondlink. If the link loadsareas-
sumedto beuniformly distributed,it followsthat Za|�"yZ\of"�Z .
TheErlangloadscorrespondingto thecallsthatoccupythefirst
link, secondlink, andthatwhich continuefrom thefirst to sec-
ondcanbewritten as, ^ | " _ �] , ^ o " _ v] , and ^ ¤ " _*Ú] , respec-
tively.

Thechanneldistributionon a two-link pathcanbecharacter-
ized asa 3-dimensionalMarkov chain. The state-spaceis de-
notedby the 3-tuple

� Ù | 	 Ù o 	 Ù ¤ � . The steady-stateprobability
for thestatescanbecomputedas[18]:Û � Ù�| 	 Ù�o 	 Ù ¤ � " H�Ü � j Ü Ú O�Ý � � Ý ÚHKÞ � j Þ Ú O�ß Ü�Ý ÚÚÞ Ú ß H�Ü v+j Ü Ú O�Ý v � Ý ÚHKÞ v+j Þ Ú O�ß~ rEàá l{â ~ rEà' l á ~ rEàã l á H�Ü � j Ü Ú Oåä � ÄH ' jTá O�ß Ü Ä ÚH á O�ß H�Ü v�j Ü Ú O�æ � ÄH ã�jRá O�ß

(16)

where g��çÙa|D�ç243 , g��çÙ\o��è243 , and g��çÙ ¤ �ÆÈÌ�Í � Ùa| 	 Ù�o � .
Let
£ | , £ o , and

£ ¤
denotethe numberof trunksbusy on the

first link, numberof trunksbusyonthesecondlink, andnumber
of trunksthatarebusyonboththefirst andsecondlinks, respec-
tively. It canbeobservedthat

£ ¤ �?ÆÈÌ�Í � £ | 	 £ o � . Thenumberof

trunksfreeonboththelinks is givenby, � h "C2Áx � £ | Ê £ o$x £T¤ � .
Thenumberof trunksavailableon thetwo-link pathis denoted
by � ³ . The state-spaceof the trunk distribution is capturedby
the4-tuple

� £ | 	 £ o 	 £R¤ 	 ��³ � . Thesteady-stateprobabilityof the
statescanbecomputedby conditioningon thechanneldistribu-
tion,
� Ùa| 	 Ù\o 	 Ù ¤ � as:

é � £ | 	 £ o 	 £T¤ 	 ��³ � " rEàkÞ Ú l{â
rEàkÞ � l Þ Ú
rEàkÞ v l Þ Ú c � £ | 	 £ o 	 £ ¤ 	 � ³ U Ù | 	 Ù o 	 Ù ¤ �Û � Ù�| 	 Ù�o 	 Ù ¤ �

(17)

where c � £ | 	 £ o 	 £T¤ 	 �{³ U Ù�| 	 Ù\o 	 Ù ¤ � denotesthe probability that
the trunk distribution is in state

� £ | 	 £ o 	 £ ¤ 	 � ³ � given that the
channeldistribution is

� Ù�| 	 Ù\o 	 Ù ¤ � . The following probability
valuesthat are requiredto completethe analyticalmodel,de-
scribedin the previous section,can then be derived from the
above steady-stateprobability.c � � ³ 	 �
h U � | 	 � o � "ê H rËj\u � L rËj�u v L rEë\uT¸
j�u � j�u v L uT· O~íì ä `mî Ã �Iï Ã v�ðñ ·�ò�ó ~�ì ä `mî Ã �aï Ã v�ðñ ¸ ò ñ · ê H rËj\u � L rËj�uTv L rEë N ¸ j�u � j�uTv L N · O

(18)

c � �
o U �R| � "~�ì ä `mî Ã �*ï Ã v�ðñ ·�ò�ó ~�ì ä `mî Ã �aï Ã v�ðñ ¸ ò�ó ê H rËj\u � L rËj�uTv L rEë N ¸ j\u � j�uTv L N · O~Cô{õñ v òaó ~íì ä `mî Ã � ï ñ vKðñ ·mò�ó ~íì ä `mî Ã � ï ñ v�ðñ ¸ òaó ê H rËj\u � L rËj N v L rEë N ¸ j�u � j N v L N · O
(19)

c � �
o � " ~ rN � l{â ~ ¶ ' [ HKN � L uTv ON · l{â ~ ¶ ' [ HKN � L u v ON ¸ l N ·é � 2Îx � | 	 2�xö� o 	 2 Ê � hMx � | x÷� o 	�� ³ �
(20)

Thetrunk occupancy probabilityfor a givena channeldistri-
bution, is computedas:

c � £ | 	 £ o 	 £ ¤ 	 � ³ U Ù | 	 Ù ¤ 	 Ù o � " Y ã l r � £ | 	 £ o 	 £ ¤ 	 � ³ U Ù | 	 Ù o 	 Ù ¤ �ø ã l r � Ùa| 	 Ù\o 	 Ù ¤ �
(21)

whereY ã � £ | 	 £ o 	 £R¤ 	 �{³ U Ù�| 	 Ù\o 	 Ù ¤ � denotesthenumberof ways
of arrangingacrossù trunks, Ùa| busychannelson thefirst link,Ù o busy channelson the secondlink, with Ù ¤ channelsamong
thembeingoccupiedby callsthatcontinuefrom thefirst link to
second,suchthat

£ | trunksarebusyon thefirst link,
£ o trunks

arebusy on thesecondlink with
£R¤

amongthembusyon both
the links, and �{³ trunksbeing availableon the two-link path.ø ã � Ù | 	 Ù o 	 Ù ¤ � denotesall possiblewaysof arrangingacrossù
trunks, Ùa| busychannelson the first link, Ù�o busy channelson
thesecondlink with Ù ¤ channelsamongthembeingoccupiedby
calls thatcontinuefrom thefirst link to second.

ø ã � Ù | 	 Ù o 	 Ù ¤ �
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is recursively computedas:ø ã � Ù�| 	 Ù�o 	 Ù ¤ � " ~ ¶ ' [ H à L Þ Ú Od;l{â ~ ¶ ' [ H à L Þ � Oú l
d ~ ¶ ' [ H à L Þ v Oû l
dø 7 � É 	�ü\	 b � ø ãaj 7 � Ù | xÁÉ 	 Ù o x ü�	 Ù ¤ x÷b �
(22)

where g%�FÙa|��qù\3 , g%�?Ù�o9�Fù\3 , and g%�?Ù ¤ �?ÆÈÌ�Í � Ùa| 	 Ù�o � .
Thedefinitionof

ø 7 � É 	�ü\	 b � dependson thenatureof switch.Y ã � £ | 	 £ o 	 £T¤ 	 ��³ U Ùa| 	 Ù\o 	 Ù ¤ � (written as Y ã � Ñ � for shortdue
to spaceconstraints)is assigned0 if any of thefollowing condi-
tionshold true:6 Q £ | 	 £ o 	 £ ¤ 	 � ³ 	 Ù | 	 Ù o 	 Ù ¤ SËý g6 Q £ | 	 £ o 	 £ ¤ 	 � ³ S%þ ù6 Q Ùa| 	 Ù�o SËþ ù�3 or Ù ¤ þ Æ8ÌPÍ � Ù�| 	 Ù\o �6 Ù | ý £ | 3 or Ù o ý £ o 3
Otherwise,it is computedrecursively underoneof thefollowing
four cases,asdescribedin SectionIV, Fig. 6:

Case1: If
£ ¤ þ g

Therequiredprobabilityis obtainedby conditioningon a trunk
beingbusyonboththelinks.Y ã � Ñ � " ãÿ Ú ~ àdml{â ø 7 � 3 	 3 	 b �Y ã�j 7 � £ |%xq� 	 £ o,x¢� 	 £T¤ xq� 	 �{³ U Ù�|ËxÁ3 	 Ù\o
x÷3 	 Ù ¤ x�b �

(23)

Case2: If
£R¤ "yg , £ | þ g

Therequiredprobabilityis obtainedby conditioningon a trunk
beingbusyon thefirst link but freeon thesecondlink.Y ã � Ñ � " ãÿ � ~ ¶ ' [ H à\j 7 L Þ Ú Odml{â ~ ¶ ' [ H à\j 7 L Þ v Oû l
d ø 7 � 3 	�ü�	 b �Y ã�j 7 � £ |�x¢� 	 £ o 	 £T¤ 	 ��³ U Ùa|0x 3 	 Ù\o,x ü�	 Ù ¤ x�b �

(24)

Case3: If
£R¤ "yg , £ |�"yg , £ o þ g

Therequiredprobabilityis obtainedby conditioningon a trunk
beingfreeonthefirst link but busyon thesecondlink.Y ã � Ñ � " ãÿ*v ~ ¶ ' [ H à\j 7 L Þ Ú Odml{â ~ ¶ ' [ H à\j 7 L Þ � Oú l
d ø 7 � É 	 3 	 b �Y ã�j 7 � £ | 	 £ o,x?� 	 £R¤ 	 ��³ U Ùa|0x É 	 Ù�o\x÷3 	 Ù ¤ x b �

(25)

Case4: If
£R¤ "yg 	 £ |�"yg 	 £ o,"Cg

Therequiredprobabilityis obtainedby conditioningon a trunk
beingfreeonboththelinks. Two possiblecasesneedto becon-
sidered: (1) the trunk is availableon the two-link pathor (2)
the trunk is not availableon the two-link path. Let

� 7 � É 	�ü�	 b �
denotethe numberof ways of arrangingon a trunk, É busy
channelson the first link,

ü
busy channelson the secondlink,

with b channelsamongthembeingoccupiedby calls thatcon-
tinue from the first link to second,suchthat the trunk is not
availableon thetwo-link path. Similarly, let � 7 � É 	�ü�	 b � denote
the arrangementof the busy channelson a trunk suchthat the
trunk is availableon the two-link path. It canbeobservedthat� 7 � É 	�ü�	 b � Ê � 7 � É 	�ü�	 b � " ø 7 � É 	�ü\	 b � . Y ã � Ñ � canthenbecom-
putedas:

Y ã � Ñ � " ~ ¶ ' [ H à\j 7 L Þ Ú Odml{â ~ ¶ ' [ H à\j 7 L Þ � Oú l
d ~ ¶ ' [ H à\j 7 L Þ v Oû l
d� � 7 � É 	�ü�	 b � Y ãaj 7 � £ | 	 £ o 	 £T¤ 	 �{³}xF� U Ù�|0x�É 	 Ù\o�x ü\	 Ù ¤ x�b �Ê � 7 � É 	�ü�	 b � Y ãaj 7 � £ | 	 £ o 	 £T¤ 	 ��³ U Ùa|0x É 	 Ù�o\x ü�	 Ù ¤ x�b ���
(26)

The startingpoint of the recursion(for ù�" � ), denotedbyY�7 � £ | 	 £ o 	 £R¤ 	 �{³ U Ùa| 	 Ù\o 	 Ù ¤ � , is assigned0 if any of thefollow-
ing conditionshold true:

1.
£ | "Cg and Ù | "C3

2.
£ of"yg and Ù�o{"C3

3.
£R¤ "Cg and Æ8ÌPÍ � Ù�| 	 Ù ¤ � "C3

Otherwise,it is defineddefinedin termsof
� 7 � Ù | 	 Ù o 	 Ù ¤ � and� 7 � Ù | 	 Ù o 	 Ù ¤ � as,

Y 7 � Ñ � "è���  ��¡
� 7 � Ù | 	 Ù o 	 Ù ¤ � if � ³ "=� and£ |�" £ of" £R¤ "Cg� 7 � Ù�| 	 Ù�o 	 Ù ¤ � if ��³Ë"Cgg otherwise.

(27)

The definitions of
ø 7 � Ùa| 	 Ù�o 	 Ù ¤ � , � 7 � Ù�| 	 Ù\o 	 Ù ¤ � , and� 7 � Ùa| 	 Ù\o 	 Ù ¤ � dependon theswitcharchitecture.

C. Exampleswitch models

Twokindsof switchesaremodeledin thissection:space-only
switch and full-permutationswitch. For a space-onlyswitch,
channelcontinuityconstraintis enforcedby theswitch. Hence,
a call continuingfrom thefirst link to secondoccupiesthesame
channelat the input and output of the switch. Note that al-
thoughthe switch is space-only, the switchingprovidedby the
nodeis channel-spacedue to the full-channel interchangerat
the input of the node. A full-permutationswitch,on the other
hand,canswitchany freechannelat theinput to any freechan-
nel at the output. For a trunk with 3 channels,

ø 7 � Ùa| 	 Ù\o 	 Ù ¤ �
and

� 7 � Ù�| 	 Ù�o 	 Ù ¤ � for thetwo switchmodelsaredefinedasbe-
low:

Space-onlyswitch:

ø 7 � Ùa| 	 Ù\o 	 Ù ¤ � " �  ¡
� àÞ ��� � Þ �Þ Ú � � à\j Þ ÚÞ v+j Þ Ú � if g��qÙa| 	 Ù\of�?3

and Ù ¤ �FÆ8ÌPÍ � Ù�| 	 Ù\o �g otherwise.
(28)

� 7 � Ùa| 	 Ù\o 	 Ù ¤ � " ���  ��¡
� àÞ ��� � Þ �Þ Ú � � Þ � j Þ Úà\j Þ v � if g%�?Ù | 	 Ù o �q3Ù ¤ �qÆ8ÌPÍ � Ù | 	 Ù o � , andÙa| Ê Ù�o
x÷Ù ¤ pq3g otherwise

(29)

Full-permutation switch:

ø 7 � Ùa| 	 Ù\o 	 Ù ¤ � " �  ¡
� àÞ � � � àÞ v � if g��?Ùa| 	 Ù�o �F3

and Ù ¤ �¢ÆÈÌ�Í � Ùa| 	 Ù\o �g otherwise.
(30)
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� 7 � Ùa| 	 Ù�o 	 Ù ¤ � " �  ¡
� àÞ ��� � àÞ v � if ( Ùa|�"y3 or Ù�o{"y3 )

and Ù ¤ �?ÆÈÌ�Í � Ù | 	 Ù o �g otherwise.
(31)

It canbeobservedthattheanalyticalmodelsproposedearlierin
theliteraturecanbederivedfrom this generalizedmodelas:6 2D"�� ; 3ö" � ; Õ ¤ "�g ; [3], [4]6 2D"�� ; 3ö" � ; [6]6 2D"�� ; 3ö"?� ; Õ ¤ "Cg ; full-permutationswitch[12]6 2D"�� ; 3ö"y� ; full-permutationswitch[9]

V. PERFORMANCE EVALUATION

The blocking performanceof a multi-wavelength TDM
switchednetworkis analyzedin this section.Eachlink has20
time slots (channels).Four combinationsof numberof wave-
lengths(trunks)andtime slotsareconsidered:(1) � "Î2 "� g 	 � "è3@" � ; (2) � " 2 " � 	 � " 3@" � g ; (3)�ç"=2×" �\	 �?"�3´"��Vg ; and(4) � "�2 "CA 	 �?"=3�"�B .
Eachwavelengthis treatedasa trunk. Hence,no wavelength
conversionis assumed.However, the secondcasewith a full-
permutationswitchcanbetreatedasany combinationof wave-
lengthandtimeslotswith full-wavelengthconversion,time slot
interchange,andfull-permutationswitching.

A nodethat views a link as 2 trunkswith 3 channelsper
trunk is referredto asa 2 � 3 node.A nodethatemploysfull-
permutationswitchingis denotedby FPandthatwhichprovides
time-space(channel-space)switchingis denotedby CS.

Threekindsof networktopologiesareconsideredfor perfor-
manceevaluation:

1. a 25-nodeuni-directionalring network( Õ ¤ "Cg Ñ
	 � )2. a 25 � 25bi-directionalmesh-torusnetwork( Õ ¤ "?g Ñ
� � )3. a 10-dimensionalhypercubenetwork( Õ ¤ "yg Ñ g 	 )The networksareassumedto employshortest-pathrouting. If
morethanoneshortestpathis available,oneof themis chosen
at random.Thepathlengthdistribution, c � b � , andthenumber
of exit links, Ô , for thethreenetworksaregivenbelow.

1. Uni-directionalring networkwith N nodes:c � b � " �YÎx¢� �E�?b��qYµxq� Ñ (32)Ô " � (33)

2. M � M bi-directionalnetwork(if M is odd):

c � b � " �  ¡
� d
 � j 7 if �0�Fb�� 
Wj 7:

� H 
Wj d O
 � j 7 
Wj 7: ý b���� xF� (34)

Ô " � (35)

3. Í -dimensionalhypercube( YÎ" � [ ):c � b � " �Y�x?� Ö Í bRØ �0�Fb �FÍ (36)Ô " Í x?� (37)

Fig. 9 shows the blocking performancewith varying link
load for a 25-nodeuni-directionalring network. The perfor-
manceobtainedby time-spaceand full-permutationnodesare

almostthe samein this network. It can be also be observed
thata maximumof two ordersof magnitudeperformancegain
canbeachievedby employingfull-permutationswitching. The
maximumperformancegain thatcanbeachievedby switching
dependson the correlationfactor in the network. As the ring
networkhasa very high correlation,a maximumof only two
ordersof performanceimprovementis possible.

Fig. 10 shows the blocking performancefor a 25 � 25 bi-
directionalmesh-torusnetwork. At low loads(1 Erlang), the
performancegainobtainedby time-spaceandfull-permutation
nodesoveranodewith neithertime-slotinterchangersnorwave-
lengthconvertersareapproximately10 and12 ordersof mag-
nitude, respectively. At high loads(7 Erlangs),the blocking
performanceof the time-spaceand full-permutationnodesare
lower by 1 and 3 ordersof magnitude,respectively as com-
paredto the performanceobtainedwith nodesnot employing
time-slotinterchangeandwavelengthconversion. Sucha high
performancegain,especiallyunderlow link loads,indicatesthe
effectivenessof switchingin networkswith moderatelink cor-
relation.
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Fig. 9. Blocking probabilityversuslink loadfor a25-nodeuni-directionalring
network.

Fig. 11showstheblockingperformancefor a10-dimensional
hypercubenetwork. The performancetrendsobserved in this
networkaresimilarto thatobservedin amesh-torusnetwork.At
low loads(1 Erlang),performancegainof upto6 and8 ordersof
magnitudecanbeobtainedwith time-spaceandfull-permutation
nodes,respectively over nodesthatdo not employtime-slotin-
terchangeandwavelengthconversion.However, athighloads(7
Erlangs),theperformancegainobtainedreducesto 1 and3 or-
dersof magnitudefor time-spaceandfull-permutationswitches,
respectively.

It can also be observed that the performanceoffered by a��� � g , � �Á�/g , and AÈ�4B full-permutationswitchesarealmost
the same.However, for a givencapacityof a link, the switch-
ing speedof a �%� � g switchhasto be4 timeshigherthanthat
of a Aö��B switch. On the other hand,a A4��B CS switch (4
wavelengthswith 5 timeslotsperwavelength)requiresfour sets
transmittersandreceivers,althougheachof themcouldwork at
lowerspeeds.Also, theperformanceofferedby their respective
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Fig. 10. Blocking probabilityversuslink loadfor a25x25bi-directionalmesh-
torusnetwork.
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Fig. 11. Blocking probabilityversuslink loadfor a 10-dimensionalhypercube
network.

time-spaceswitchesarewithin two-ordersof magnitudediffer-
ence,indicatingthata significantimprovementin performance
canbeachievedby employingtime-spaceswitches.

The performanceresultsshow that switching is effective in
networkswith low or mediumlink correlationachieving high
performancegain. Also, in suchnetworks,a significantperfor-
mancegainis achievedwith just a time-spaceswitch,thusindi-
catingthefeasibilityof realizingopticaltimeswitchednetworks
in thenearfutureofferinggoodperformancewith simpleswitch
architectures.

VI . CONCLUSION

The conceptof trunk switchednetwork is proposedin this
paperto facilitatemodelingandanalysisof networkswith het-
erogeneousnodearchitectures.An analyticalmodel for eval-
uating the blocking performanceof a classof trunk switched
networksis alsodeveloped. Using the analyticalmodel, it is
shown thata significantperformancegaincanbeachievedwith

a time-spaceswitchwith no wavelengthconversionin a multi-
wavelengthTDM switchednetwork.

Thescopeof the analyticalmodelpresentedin this paperis
limited to homogeneousTSN’s. However, the analysiscanbe
extendedto heterogeneousTSN’s by mappingthe trunk distri-
bution viewedby a nodeemployingoneswitcharchitectureto
that viewed by a nodeemployinganotherswitch architecture.
Thismappingis currentlybeinginvestigatedfor ageneraltrunk
definition.
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