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Abstract

Thereis a widespreadinterestin switchingarchitecturesthatcanscalein capacitywith increasing
interfacetransmissionratesand higher port counts. Furthermore,packet switchesthat provide
Quality of Service(QoS),suchasbandwidthanddelayguarantees,to the served usertraffic are
alsohighly desired.This reportaddressesthe issueof constructinga high-capacityQoS-capable,
multi-moduleswitchingnode.

Outputqueuedswitchesprovide thebestperformancein termsof throughputaswell asQoS
but donotscale.Inputqueuedswitches,on theotherhand,requirecomplex arbitrationprocedures
to achievethesamelevel of performance.Weenumeratethedesignconstraintsin theconstruction
of a packet switchandpresentseveralapproachesto build a systemcomposedof lower-capacity
memoryandspaceelements,andanalyzetheir performance.Towardsthis goal, we establisha
new taxonomyfor aclassof switches,whichwecall BufferedClosswitches,andpresenta formal
framework for optimalpacket switchingperformance,in termsof boththroughputandQoS.

Within the taxonomy, we augmenttheexisting combinedinput-outputqueueing(CIOQ) sys-
temswith AggregationandPipeliningtechniques.Furthermore,wepresentthedesignandanalysis
of anovelparallelpacketswitcharchitecture.For theitemsin thetaxonomy, wepresentalgorithms
thatprovide optimal throughputandQoS,in accordancewith theabove performanceframework.
While someof the presentedideasarestill in the investigative stage,we believe that the current
stateof the work, especiallythe formal treatmentof switching,will be beneficialto theongoing
researchin thefield.
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Chapter 1

Introduction

Thepastdecadehaswitnessedamanifoldincreasein thedemandfor switchesthatemploy packet-
basedforwarding. The networking protocolssupportedby thesesystemsvary from connection-
orientedto connectionlessones,including AsynchronousTransferMode (ATM), Multi-Protocol
Label Switching(MPLS) [60], the ubiquitousInternetProtocol(IP), andswitchedEthernet. Ir-
respective of the specificprotocol supported,theseswitchesconsistof a forwarding path that
transfersdataunits, calleda packet in the genericsense,from the input to the output interfaces,
optionally providing preferentialtreatment,or Quality of Service(QoS)guarantees,to specified
userflows.

Widespreadconsumerandbusinessadoptionof theInternet,togetherwith improvementsin the
physicallayertechnologies,hasresultedin increaseddemandfor packet switcheswith very large
capacities,in termsof boththenumberof supportedinterfacesaswell astheinterfacetransmission
rates.For example,a typical IP routerin productiontodaysupports10to 20ports,eachat10Gb/s,
requiring a forwarding path capacity in the vicinity of 200 Gb/s. Sincepacket sizeshave not
changedmateriallywith theincreasingrates,assuminga worstcaseof 64-bytepackets,therouter
alsorequiresapacketprocessingcapacityof about20million packetspersecond.Thisrepresentat
leasta tenfoldincreasein capacitiessincejust half a decadeago.Moreover, this trendis expected
to continuewith theanticipatedadoptionof 10-GEthernetin themetropolitanareanetworks,and
OC-192(10 Gb/s) andOC-768(40 Gb/s) links in the long haul. This motivatesthe designof
switcharchitecturesthatcanscalewith increasingratesandport counts.In general,anincreasein
thedesiredforwardingpathcapacityimposesdesignconstraintson theconstructionof theswitch,
while thepacket processingcapacityconstrainsthecomplexity of thealgorithmsthatoperateon a
per-packet basis.

As an orthogonaltrend, in an attemptto benefitfrom the efficienciesof a packet-basednet-
work, traditionally circuit-switchednetwork operatorsaremigratingtowardsthe former in order
to supportcustomerflowsthatrequireserviceguaranteesor QoS.Examplesof suchflows include
Voice-over-IP (VoIP) sessions,packetizedVideo-on-Demand,andMPLS Virtual PrivateNetwork
(VPN) tunnelswith guaranteedbandwidthbetweenoffice locations.Theimplicationof this trend
for switch designis the needto implementschedulingandbuffer managementtechniquesin the
forwardingpaths,sothatthespecifiedservicerequirementsmaybemet.

This reportaddressesboththeabove issues,andpresentsarchitecturesandalgorithmsthatcan
beusedto constructthe forwardingpathof a large-scalepacket switch thatalsoguaranteesQoS
to the supportedflows. Towardsthis goal, we proposea new taxonomyfor a classof scalable
packet switches,togetherwith ananalyticalframework to characterizedifferentlevelsof optimal
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performancefor the algorithmsemployed within suchswitches.At present,someof the results
areat a conjecturalstage,nonetheless,we believe thatthecurrentstateof thework, especiallythe
formal treatmentof switching,will bebeneficialto theongoingresearchin switching.

1.1 Motivation

Thereis a vastamountof prior work in thedesignandanalysisof circuit switches(see,for exam-
ple,[29] for anoverview, andAppendixA for aprimeronbasicswitchingconceptsandcommonly
usedterms). Circuit switching hasbenefittedimmenselyfrom a well establishedperformance
framework, namely, differentlevelsof blocking behavior, which characterizestheperformanceof
agivendesignin isolationfromthepropertiesof specificcircuit arrivalprocesses.All non-blocking
circuit switchesare functionallyequivalentin termsof thecircuits that they canadmit. This has
drivenmuchof thework in theconstructionof scalablecircuit switchesusinganinter-connection
network of smallercomponents,examplesof which includetheBanyan,Benes,ClosandCantor
networks.

Traditionalpacket switchingtheoryhasborrowed,oftenerroneously, many of theterms,con-
structs,andperformancemeasuresfrom theformer. However, packet switchingis fundamentally
differentdue to the presenceof external link contentionandbuffers in the switch components.
Thereexists no uniform framework that characterizesoptimal performance,or which providesa
notionof functionalequivalencewith anidealswitch. Consequently, severalconflictingmeasures
have beenusedto claim optimality. For example, the term blocking, which is really a circuit
switchingconcept,hasbeenvariouslyusedto meaneithera blocking structure,or head-of-line
blocking, or non-work conserving. Someotherapproachesusethe notion of 100%throughput
(100%comparedto what?)to characterizeoptimalperformance,while quitea few studya switch
designby computingthe loss ratios, for the finite buffers within the switch, for specificarrival
processes(mostlikely anartifactof thearrivalsthemselvesratherthanthatof theswitchdesign).
In summary, a framework which is ableto encompassoptimalthroughputandQoSpropertiesof a
switchdesignwill bebeneficialtowardsthework in complex scalablepacket switches.

The problemof scalingpacket switchesby using multiple stagesof elementshasbeenad-
dressedin thepast,anda taxonomyof ATM switcharchitecturescanbefoundin [57]. However,
mostof thework dealswith theconstructionof theinter-connectionnetwork within theswitch,the
focusbeingsolely on the structuralblocking propertyof the network. Furtherstudies(e.g.,[7])
have characterizedthe throughputperformanceof a specificclassof Banyan-basedtopologies.
Thoughsuchworks have enabledto implementpracticalmulti-stageswitches,providing func-
tional equivalencewith anidealswitchremainsanopentopic of researchfor many of thesimple
non-blockingnetworksaugmentedwith buffersatarbitrarypointswithin them.This reporttakesa
smallstepin thatdirection.

1.2 Our Contributions

Weaddresstheproblemof constructingahighcapacitypacketswitch,usingstagesof lowercapac-
ity memoryelementsandnon-blockingspaceelements.We restrictourselvesto designsthatare
structurallynon-blockingandresemblethe three-stageClos network, with the new performance
framework of functional equivalence. For switcheswith this structure,which we call Buffered
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Closswitches, we establisha taxonomyof designsdrivennot by theswitchstructurealonebut by
themethodologiesemployedto overcomevariousdesignconstraints.Eachitem in thetaxonomy
is accompaniedby the constraintit resolves,so that switch implementorsmay identify the most
appropriateoneto use.While someitemsin theclassification,suchasthecombinedinput-output
queueing(CIOQ) switch,arealreadyaddressedto a large extent in the recentliterature,the per-
formanceframework andthe taxonomyitself arenovel. In additionto providing a road-mapto
constructscalableswitches,it alsoallows to ascertainthepropertiesof existingvendorequipment
by inspectingthestructureandtheassociatedalgorithmsfor functionalequivalence.

Within the above taxonomy, we alsopresentthe designandanalysisof CIOQ switcheswith
aggregation and pipelining, two crucial ingredientsto scaling. Thesefall into the category of
single-pathbufferedClosswitches.Someexisting switchesappearsimilar to these,nevertheless,
thepresentedalgorithmsandanalyticaltreatmentarenovel. Furthermore,weproposeandanalyze
a new parallel packet switch architecture,which belongsto themulti-pathcategory. Finally, we
proposea new methodologyto enableQoS guaranteesby combiningcertainlevels of function
equivalencewith existingschedulingschemes.

1.2.1 Applicability and Scope

This work is restrictedmainly to thetreatmentof unicasttraffic flows. While theability to handle
multicasttraffic is certainly relevant to packet switching,we do not dealwith it in any level of
detail in orderto keepthis work tractable.For thesamereason,wealsodonot includespecialized
nodealgorithmsthatmaybeusedto optimizetheperformanceof adaptive traffic. Ourassumption
is that the optimal throughputpropertyby itself is beneficialto adaptive traffic, and any other
mechanisms,suchasactivequeuemanagement(AQM) to enforcefairnessamongadaptiveflows,
canbeaddedonto thiswork withoutmuchdifficulty. In addition,wedonotaddresstheend-to-end
network behavior, andnetwork engineering.Instead,we concentrateon nodemechanismswhose
suitability for end-to-endbehavior may be studiedindependently. Finally, this work is agnostic
of theprotocolprocessingspecificsandcontrolplanehandling,e.g.,signalingtheQoSflows,and
routecontrol.

1.3 Outline of the Report

The remainderof this report is organizedasfollows. Chapter2 introducesthe switchingmodel
includingthecomponentsusedandmeaningfulnotionsof optimalperformance.Chapter3 covers
the relatedwork in switch designandprovisionsfor QoS.Chapter4 containsour original con-
tributions, including the taxonomyof Buffered Clos switchesand the framework of functional
equivalence. It also includesthe completedwork on aggregatedandpipelinedCIOQ switches,
the parallelpacket switch architecture,andour proposedQoSmethodology. Finally Chapter5
concludesthis reportwith anidentificationof relatedfuturework.
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Chapter 2

Switching Framework

We now presenttheswitchingframework, includingsomemeaningfulnotionsof optimalperfor-
mance.We thenoverview themodelsfor theforwardingpathof apacket switch,andtheir atomic
components.Then,we briefly introducethe outputqueuedandinput queuedswitchingmodels,
theformerrepresentingtheidealreferenceswitchfor equivalencepurposes.

2.1 Notions of Optimal Performance

A circuit requestbetweenan input-outputlink pair, in thecontext of circuit switching,is consid-
eredadmissibleif thereis capacityavailableon thespecifiedlinks. A non-blockingswitchensures
thatapathwithin theswitchis realizablefor everyadmissiblecircuit request.Sincecircuit admis-
sibility ontheexternallinks constrainthemaximumpossiblecircuit throughput,wemayassertthe
following:

Proposition 1 Thenon-blockingpropertyis necessaryandsufficientto ensureoptimalthroughput
of a circuit switchednode.

Similarly, in thecontext of packet switching,a flow betweenan input-outputlink pair with a
giveneffective bandwidthis consideredadmissibleif thebandwidthis availableon thespecified
links. Thesuccessfuladmissionof this flow dependssolelyon theexistenceof a switchingpath,
with thesaidbandwidth(andassociatedbuffers)availablethroughoutthepath. In otherwords,if
theflow bandwidthcanbeaccommodatedontheinputandoutputlinks of theswitch,thisexistence
ensuresthatthesamecanbeaccommodatedthroughputtheswitchingpath.By definition,sincethe
externallinks imposea physicallimit on thetotal amountof flow bandwidththatcanbeadmitted
into theswitchandconsequentlyany notionof anoptimalsetof flows,by recognizingtheanalogy
with circuit switchednodes,wemayassertthefollowing (withoutanalyticalproof):

Proposition 2 A packet switch designwhich is structurallyequivalent to a non-blocking circuit
switch is necessaryandsufficientto admitanoptimalsetof flowswith bandwidthrequirements.

The sufficiency assumesthat the schedulingandbuffer managementschemescanguarantee
theallocations,itself anon-trivial task.Wewill referto suchswitchesasstructurally non-blocking
packetswitches,andtheactof allocatingbandwidthandbuffer resourcesthroughouttheswitching
pathasflow fitting. Sincemuchof theearlywork wasbasedon ATM switches,whereintheentire
traffic undergoesCAC andall theflow specificationsareknownprior to actualpackettransmission,

4



theability to fit (andschedule)flowswastheprimaryobjective,leadingto vendorclaimsof optimal
performancebasedonly on the non-blockingproperty. Even thoughthis mayconstitutethe first
stepin packet switchdesignby enablingflow fitting, ensuringa non-blockingstructurecannotbe
equatedto providing optimalthroughput.

Limited by the physicalconstraintsof the input andoutputlinks, maximumpacket-switched
throughputmay be achieved as long asan output link of the switch never idles whena packet
destinedto it is backloggedanywherewithin theswitch. Switcheswith this propertyarereferred
to aswork conservinganda givenswitchdesignis consideredideal (in throughput)if it satisfies
this property. If it is difficult or impossibleto prove this property, onemay justifiably claim op-
timality by proving a functionalequivalencewith a well known idealswitch. Similar to thecase
of circuit switch design,wherethe non-blockingpropertyensuredfunctionalequivalencewith a
well known optimalswitch(e.g.,a single-stagecrossbar),anunambiguousframework is required
to characterizefunctionalequivalenceof packet switchdesigns.

Proposition 3 A packet switch which is functionally equivalent to a well knownideal switch is
optimalin throughput.

We canidentify a few approachesto functionalequivalence,which addressthe construction
of a switch ratherthanthe specificsof the arrival traffic procceses.Thefirst relieson construct-
ing a switchingfabric ��� in sucha mannerthat the packetsdepartfrom the outputsin an exact
emulationof the departurefrom a well known ideal switch ��� of the samedimensions,for any
traffic pattern.Thesecondapproachrelaxestheconstraintof exactemulationandinsteadborrows
from theconceptof stabilityof queueingsystems[55]. A switchwith a setof queuesis saidto be
absolutelystableif theexpectedqueueoccupanciesarefinite. Clearly, absolutestability depends
on thecharacteristicsof thearrival processin additionto thedesignof theswitch. Therefore,we
refer to a fabric ��� asrelativelystablewith respectto ��� if it is stablefor a broadclassof arrival
processesfor which the latter is alsostable. We may refer to ��� asrelatively stablein the strict
senseif the subsetof queuesthat arestablein the referenceswitch remainso in ��� , underany
arrival pattern.Thestrict sensepropertyallows to considertraffic patternsthatcanleadto (partial)
instability in theidealswitch,andto handleit in thesamemannerasthelatter. Thefinal approach
further relaxesthe stability constraintby relying on a prior knowledgeof flow rates. If the rates
of all the flows (the actualofferedrates,not the raterequirements)traversingthe switch canbe
pre-computed,optimal throughputis achieved just by the ability to fit flows, i.e., the structural
non-blockingproperty.

To summarize,thestructuralnon-blockingproperty, alongwith theappropriateschedulingand
buffer managementpolicies,providestheframework for QoSin a packet switch,anda functional
equivalencewith an ideal switch providesthe framework for throughputperformance.Optimal
packet switching performancemay be achieved by the simultaneoussatisfactionof both of the
above.

2.2 Forwarding Models

The first generationrouters,andmany of the currentlower speedones,performsoftware-based
packet forwarding. A generalpurposeCPU is connectedto multiple line cardsthroughan I/O
bus, asshown in Fig. 2.1(a). The cardsperformthe physicalandlink layer protocolprocessing
andforward the incomingpacketsto theCPU,wherethepacket headeris analyzedto determine
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Figure2.1: Forwardingmodels:(a) CentralizedCPU,(b) Cut-through

theoutgoinginterfaceandany specialhandling,if applicable.Buffers aredistributedamongthe
line cardsand the CPU memory, to accountfor the output, I/O bus and CPU contention. The
disadvantageof this model is that the limited communicationbandwidthof the I/O bus andthe
software moduleon the CPU presentsignificantbottlenecksto packet throughput,and thereby
limit theport countsandtheinterfaceratesthatcanbesupported.For example,a �	��
��	� switch,
with 1 Gb/sports,requires(i) a processingcapabilityof 32 million (64-byte)packetspersecond,
which translatesto anupperboundof 32 (instructionsplusmemory)cyclesof a 1 GHz CPU;(ii)
an I/O bandwidthof 32 Gb/s,comparedto the 8 Gb/savailableusingthe latest64-bit 133MHz
PCI bus;and(iii) a memorybandwidthof 32 Gb/s,allowing merely16 nsfor a memorytransfer
evenassuminga total buswidth of 64 bytes.Clearly, thesearetall ordersevenfor themoderately
sizedswitch of the example. Consequently, the pathtraversedby the packet throughthe central
CPUis referredto astheslowpath.

Moderndesignsusethe cut-throughmodel illustratedin Fig. 2.1(b). The incomingpackets
undergo headerprocessingin theport processorcardsattachedto eachinterface,andaredirectly
routedthroughthe switch fabric, or the fast path, to the correspondingoutput interfaces. The
centralCPUis connectedvia a specialswitchport. Only thecontrol traffic is routedto theCPU,
which maintainstheoverall stateof theswitchandprogramsthecards.In additionto thephysical
andlink layer processing,the componentson the cardsareresponsiblefor addresslookup, flow
filtering, policing, statisticscollection and other protocol specifictasks,and for appendingthe
resultsof thoseoperationsinto a speciallocal header. For theabove example,this modelrequires
a processingcapabilityof 2 million packetspersecondin eachcard,a switchingfabricaggregate
capacityof 16 Gb/s,anda memorybandwidththat dependson the switch design,but no more
than32 Gb/s. CommunicationIC vendorsalreadyoffer network processorsthat implementthose
componentsin siliconat interfaceratesof 10Gb/s,processingcapabilitiesof 20-30million packets
persecond,andswitchingfabricsthatsupportup to 160Gb/s.
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2.3 Basic Switching Elements: Building Blocks

A fabric may be constructedusingoneor more instancesof basicforwardingelements,of two
types: the memoryelementand the spaceelement. An 
 
�� memory element,shown in
Fig. 2.2(a),acceptspacketsfrom the 
 input interfacesandenqueuestheminto oneor more(in
thecaseof multicast)queues,whicharearrangedinto groups,onefor eachof the � outputs.Note
that thequeuesneednot bephysicallyseparatein memory, andmay indeedsharepacket buffers
from a commonpool. Thestructureof a groupmaybeassimpleasa singleoutputqueueper in-
terface,or mayallow groupingpacketson thebasisof severalcriteriasuchasinput interface,flow
identity, andpriority, in order to facilitatepreferentialtreatment.A buffer managementlogic is
responsiblefor admittingpacketsinto thequeues,while a schedulerlogic at eachoutputinterface
dictatesthe outgoingpacket rateandthe relative orderof the packets. The lattermay vary from
a first-in first-out (FIFO) policy actingon a singleoutputqueue,or a sophisticatedweightedfair
queueing(WFQ) policy actingon per-flow queues.Givenan interfacerateof � anda minimum
packet sizeof � , the elementneedsa memorybandwidthof ��
����	��� at eachof the outputsto
accommodate
 simultaneousenqueueoperations(from the 
 inputs)anda singledequeueop-
eration.At thesametime, theschedulerlogic needsto dequeueat a frequency of ����� to sustain
the output interfacerate. Hence,the dimensionsandthe ratesthat canbe supportedby a single
memoryelementis limited by the availablememorybandwidth,while the interfaceratesalong
with thesmallestpacket sizelimits thecomplexity of thescheduler. Memory elementsavailable
todayoperatein theorderof tensof Gb/s.

A spaceelement,shown in Fig. 2.2(b), is composedof a bufferlesscross-connect,andanar-
biter (possiblydistributed)that is responsiblefor configuringtheinputsandoutputsinto a match-
ing. Packetson theinput interfacesaresegmentedinto equalsizedcells, if necessary, andin each
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synchronoustime unit of theelement,calleda timeslot, a singlecell is transferedfrom theinputs
to theoutputs,configuredby the matching.The segmentationandre-assemblyof packetsis not
the responsibilityof the element,andis typically implementedin oneof the componentsof the
line cards.Thematchingis re-computedateverytimeslot,andthereforethearbitrationlogic needs
to operateat a frequency of ����� , while thecomplexity of the logic is determinedby the sizeof
theelement.While it is the frequency andcomplexity of arbitrationthateventuallylimits thedi-
mensionsof asingleelement,weshouldnotethatthechipsizeandtheunderlyingtechnologyalso
affectsthe interfacecountsandratesthatmaybesupported.Electroniccrossbarsavailabletoday
arecapableof interfaceratesin theorderof 1-10Gb/s,with port countsin theorderof 20-30,and
canbere-configuredin lessthan100nstherebyproviding a very small timeslot. Opticalcompo-
nentssuchaswavelengthrouters[71] cansupportasignificantlyhigherinterfacerate,limited only
by theopticalphysicallayer. However, suchcomponentsareexpensive,theport countssupported
by thecurrentlyavailableonesarelower, andmostsignificantly, there-configurationtimesarein
theorderof a few � s, thusproviding averycoarse-graintimeslot.

Note that we considerthe basicelementsas logical entities,i.e., asblackboxes. The imple-
mentationof amemoryelementsubsumestheexistingwork ondifferentinternallogic thatmaybe
employedto exhibit thebehavior describedabove. Similarly, the techniquesfrom circuit switch-
ing maybeusedto constructa largenon-blockinginter-connectionnetwork thatemulatesasingle
�
�� logicalelement.

2.4 Common Existing Solutions

A packet switch that employs the cut-throughforwardingmodel,with a singlememoryelement
for theswitchfabricis referredto asanoutputqueued(OQ) switch. Severalof theearlyswitches
usedthisdesign,anoverview of whichcanbefoundin [69], in whichafew alternativeapproaches
wereusedto designthe ��
�� �!��� capacityqueueinglogic. For example,thePreludeswitch[21]
usesa sharedtimeslotexchangerto realizeoutputqueueing,whereasthe knockout switch [72]
uses
 parallel sharedbusesfor the samepurpose. While the implementationof the queueing
logic is beyond our consideration,it sufficesto note that pureoutputqueueddesignsarerarely
usedin currenthigh speedswitchesdueto thesignificantmemorybandwidthbottleneck.Output
queueingmayalsobeemulatedby physicallygroupingqueueson thebasisof input-outputpairs,
andeitherproviding 
#"$� disjointpathsbetweenthe 
 inputsand � outputsto form abus-matrix
switch, or by placingthosequeuesat the crosspointsof an 
 
%� crossbar. While both these
approachesreducethememorybandwidthrequirementto &�� , thechip sizeimposesa restriction
on its dimensions.

Assumingthat the port processorsand the queueinglogic operateat (interface)wire speed,
an outputqueuedswitch doesnot suffer from any internalcontention,andhencehasthe ability
to be work conserving. Furthermore,sincepackets aredirectly presentedto the outputqueues
without any intermediatedelay, theflow ratesandpacket delayscanbe tightly, controlledby the
outputscheduler. Consequently, giventherequiredinterfacecountsandrates,ahypotheticaloutput
queuedswitchof thosedimensionsmaybeconsideredanideal referenceswitch for performance
comparisons.

In contrastto theabove,an input queued(IQ) switchconcentratesall thepacket buffersat the
input interfacesof thesystem.Theswitchfabricconsistsof asinglelogical 
'
�� spaceelement,
with 
��(�)
*�!� memoryelementsconnectingeachof theinput interfacesto theinput portsof the
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spaceelement.Thelattermaybecollocatedwithin theportprocessingcardsof theswitch.Notice
thatsucha designsuffersfrom internalcontentionat theinputs,i.e., thememoryelementsdo not
function in a work conservingmannerandaredrivenby thesequenceof matchingscomputedby
thearbiterof thespaceelement.Therefore,while themaximummemorybandwidthrequiredfor
an input queuedswitch is &�� irrespective of port count,complex arbitrationpoliciesarerequired
to achieve functionalequivalencewith a referenceidealswitch. This hasbeenoneof theprimary
subjectsof packetswitchingresearchin therecentpast,andnotableresultswill bereviewedin the
next chapter.
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Chapter 3

Related Work

We now review specificpartsof the literaturethat relateto this work. First, we show how to
constructaClosnetwork, in thecontext of circuit switching,anddiscussits applicabilityto packet
switches.Next, we outlinesomeof the recentresultsin IQ andCIOQ switches,which form the
startingpoint of our taxonomy. Finally, we review the work on QoSmethodologiesfor packet
switches.

3.1 Clos Network

TheClos network is thesimplestthree-stagenon-blockingarrangement,composedof spaceele-
mentsin eachstage.While it wasfirst introducedandanalyzedin the1950s,it remainsrelevant
to this date,andwe borrow this overview from Pattavina’s morerecentwork [57]. As shown in
Fig. 3.1, an 
+
�
 switch is composedof threefully connectedstages,whereeachlink hasthe
samecapacity. The first stageis composedof � instancesof 
��,� 
.- non-blockingspace
elements.Theseare inter-connectedto the third stagecomposedof � instancesof - 
/
��,�
elements,using - elementsof size � 
0� in thecentralstage.Thenetwork is non-blockingin
thestrict senseif andonly if - 12�3&�
��,� 4��	� (Clos theorem).Thespeeduprequiredbetween
thefirst andsecondstagescanbeeasilycalculatedas �5&64.�.�7
8� . Providedtheabove condition
is satisfied,given an idle input-outputpair, a greedyalgorithmwhich visits eachof the central
elementis guaranteedto find apathin 9:�3
��,�;� time.

Thenetwork is re-arrangeablynon-blockingif andonly if - 1<
��,� (Slepian-Duguidtheo-
rem),andthere-arrangementsnecessaryto realizea pathfor an idle pair canbefoundin 9:�5� � �
time (a consequenceof Paull theorem). The minimum numberof crosspointsin the network is9=��
 �?> @ � which resultswhen � ACB &D
 . Notice thatno speedupis requiredif re-arrangementis
allowed.Theresultscontinueto hold whenweaggregatethelinks (in andout) of a spaceelement
to asinglefasterphysicallink. Specifically, this impliesthat 
��,� simultaneousmatchingson the
(aggregated)input-outputpairscanbepartitionedinto - concurrentmatchingson the(pipelined)
centralstage.In otherwords,the fan-in andfan-outof the spaceelementsmay interchangeably
bein spaceor time. Strict-sensenon-blockingrefersto thecasewhentheexisting partitionsmay
notbetouchedto admitanew entry, while a re-arrangementrefersto theability to re-computethe
partitionson everycircuit admission.

An interestingaspectof theabove propertiesis that similar resultscanbeobtainedwhenthe
quantitiesbeingfittedonthelinks areany additivescalars.Let thecapacityof eachlink in Fig. 3.1
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8
 ClosNetwork

be normalizedto 1 unit, and let the quantitiesto be fitted on an input-outputpair vary withinEGFIHKJMLDNIFOHQP5RTS
. A quantity

F
is admissiblefor thepair �$U N?V � if both input U andoutput

V
have current

allocationsthatdo not exceed �W�X4 F � . We canprove thata pathcanberealizedfor anadmissible
quantityaslongasthefollowing conditionholds[54]:

-Y1 &:Z ��
��,�;�[4 FOHQP5R�\4 FOHQP5R � FIHKJML^] � �
This reducesto the Clos theoremwhen all quantitiesare unity, the extra termsaccountingfor
fragmentationof the link capacitiesdueto the variability in the quantities. Note that the scalar
quantitiesmay representthe peakor the effective bandwidthsof packet flows. Hence,we may
constructa threestagenetwork that is structurallyequivalent to the Clos network, and enable
fitting of admissibleflows, irrespective of whetherthe nodesarememoryor spaceelements,as
long aseachelementcaninternally (througharbitrationor scheduling)realizethebandwidthsof
theindividualflowsontheir inputandoutputlinks. ThisresultmirrorsProposition2 in thecontext
of Clostopologies.

3.2 IQ Switch Algorithms

SinceIQ switchesrequireamemorybandwidththatis independentof theswitchsize,asignificant
amountof researchhasbeenconductedto characterizeits performance. Consideran 
 
_

IQ switch, as definedin Sec.2.4, with all ratesnormalizedto an external interfacerate of 1
cell/timeslot,andmeanarrival ratesof `badc e betweeninput U andoutput

V
. Theseratesare said

to be admissiblewhen f a `gahc ejik� for all
V
, and f e `gadc elim� for all U , sincethey correspondto

arrivalsfor which anOQ switchof thesamedimensionsis stable.Thetaskis to devisearbitration
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algorithms1 thatcomputeasequenceof matchingsn ��op� , sothattheobservedbehavior is function-
ally equivalentto theOQ switch. Broadlyspeaking,therearetwo typesof suchalgorithms:rate
driven schemes,which usea prior knowledgeof all the rates `gadc e , andqueue-occupancydriven
schemeswhich usethe stateof the queuesto devise a matching. The latter is especiallysuit-
ablewhenthe ratesarenot known beforehand,asis thecasewith best-effort traffic, or whenan
equivalentrate-drivenschemeis toocomplex to implement.

Early IQ switchesuseda singleFIFO queuein eachof theinput memoryelements.However,
Karol etal. [37] showedthatthethroughputof thissystemis limited to &X4 B & (59%),evenunder
independentBernoulli traffic on eachinput link, which is uniformly distributedto all theoutputs.
This is becauseof thephenomenoncalledhead-of-line(HOL) blocking, in which a cell destined
to an idle output is queuedbehinda cell destinedfor a currentlybusy output. This situationis
remediedby queueingthecells in an input elementinto 
 separatequeues,onefor eachoutput,
referredto asvirtual outputqueues[68]. Let thequeueof cellsdestinedto output

V
in input U be

denotedas q adc e , with length r adc e . Essentially, a matchingmatrix n �$oK� enablesthetransferof a cell
from anon-emptyq adc e in timeslot o whenever n adc eD��oK� is setto 1.

The sizeof a matchingis the numberof the unity elementsin the matrix, i.e., f adc e n adc es��op� ,
andcorrespondsto the total numberof cells transferedin the timeslot. Givena weightfunction,
the weight of a matchingis definedas f adc eut adc es��oK�v" n adc e��$oK� . An IQ switch is said to employ a
speedupwyx � if w matchingsarecomputedpertimeslot,enablingthetransferof up to w cellsper
timeslotbetweenan input-outputpair. Sincethe outputlink operatesat a rateof 1 cell/timeslot,
any speedupnecessitatesbuffersat thefront of theoutputlink, in additionto theonesin theinput
elements.Sucha switch is also referredto as a combinedinput-outputqueueing(CIOQ) [31]
switchandis illustratedin Fig. 3.2. Notethata CIOQ switchrequiresa memorybandwidthequal
to ��� w timestheinterfacerates,andaCIOQswitchwith speedup
 is thesameasanOQswitch.

1Suchalgorithmshavealsobeenreferredto asswitchschedulingalgorithms,but to avoid confusionwith theoutput
link schedulingalgorithms,we referto theseasarbitrationalgorithms.
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3.2.1 Size Matchings

An algorithmthatcomputesamatchingwith themaximumsizewouldprovide thehighestinstan-
taneousthroughputin eachtimeslot. Sucha matchingcanbe obtainedby finding the maximum
network flow in a bipartitegraph,wheretheverticesof thegraphcorrespondto the inputsin one
setandtheoutputsin theother, andanedgewith unit capacityexistsbetweeninput U andoutput

V
if r adc e x.z . Themostefficientalgorithmto solvethisproblemrunsin 9:�3
 �{> @ � time[28], andis too
complex to implementatahighfrequency (e.g.,20million arbitrations/secondfor aninterfacerate
of 10Gb/sandcell sizeof 64B,allowing lessthan10cyclesona133MHz clockfor thearbitration
logic). Thismotivatedthedesignof practicalso-calledmaximal-size[50] matchingalgorithms.

A matchingis referredto as maximal in size if it addsone connectionat a time, i.e., in a
greedyapproach,andconvergeswhen thereis no idle input-outputpair. Clearly, any maximal
matchingalgorithmwill convergein 
 steps,thoughit is notguaranteedto find themaximumsize
match.A simpleexamplemaybeconstructedasfollows: a centralizedarbitermatcheseachinputU , in sequence,to thefirst unmatchedoutput

V
for which r adc e x|z . This algorithmrunsin 9:�3
 � �

time, which is theminimumit would take for any algorithmthatneedsto sequentiallyinspectall
the entriesof an 
 
%
 matrix. Dai andPrabhakar[19] proved, usingfluid analysis,that any
maximal matchingalgorithm guaranteesthat the systemof queuesis stablefor any admissible
arrival process,with a speedupw 1}& . This is a remarkableresult as it allows one to choose
the leastcomplex maximalmatching,andyet remainstable. Similar results,i.e., the sufficiency
of w A~& , wereshown by Leonardiet al. [48] for a specificmaximalmatchingunderadmissible
traffic which leadsto an embeddedMarkov-chainqueuelengthevolution, by establishinga drift
conditiononawell chosenquadraticLyapunov function[46] of thequeuelengthvector. Thesame
work [48] alsoestablishedthestabilityof aprobabilistic(queue-lengthdriven)maximalmatching.

Severalearlierworks[1, 51, 49]proposedmatchingalgorithmsfor IQ switcheswithoutspeedup,
andanalyzedtheirperformanceunderrestrictedarrival processes,aswell assub-maximalsizes.In
ParallelIterativeMatching(PIM) [1], eachinput, in parallel,sendsarequestto eachof theoutputs
for which r ahc e x�z . An outputchoosesonefrom thecontendinginputsin a randommanner, and
finally, eachof the inputsselectonefrom thegrantingoutputs,againin a randommanner. These
stepsareiteratedtill the algorithmconvergesto a maximalmatching. Even though 
 iterations
arerequiredto converge in theworst-case,it wasshown that thealgorithmneedsonly 9=�$�d����
��
iterationson average.Alternatively, in iSLIP [51], in eachiteration,theoutputgrantandtheinput
selectoperationsareperformedin around-robinfashion,with specialcareto ensurethatthepoint-
ersdonotsynchronize.It wasshown thatdueto thede-synchronizationproperty, asingleiteration
is sufficient to ensurestability for i.i.d. Bernoulli traffic on eachinput,with uniformly distributed
destinations.For uniform bursty traffic, several iterations, 
 in the worst case,are requiredto
maintainstability. Notethatsuchiterativealgorithms,dueto theirparallelnature,canconceivably
beimplementedin adistributedfashion,aslongasthereis enoughcontrolbandwidthbetweenthe
inputsandoutputsto exchangeresultsrepeatedly(equalto the numberof iterations)within the
sametimeslot.

3.2.2 Weight and Rate Matchings

Eventhoughtheperformanceof maximalsizematchingalgorithms,without speedup,have been
demonstratedfor uniform traffic, it was recognized[52] that even a maximumsizematchingis
insufficient for stabilityundernon-uniformadmissibletraffic. Thesamework showedthatamaxi-
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mumweightmatching,wheretheweightof theflow from U to V is thequeuelength r adc e , is sufficient
to ensurestability for any admissiblei.i.d. stationaryarrival pattern. The i.i.d. and stationar-
ity requirements,which weretheartifactsof theproof methodologythatusedembeddedMarkov
chains,wererelaxedin [19]. Themostefficient algorithmto computethemaximumweight runs
in 9=�3
����d����
�� time. It waslater realized[53] that thebestmaximumsizematchingcanindeed
guaranteestability by computingall possiblemaximummatchings,in eachtimeslot,andchoos-
ing the onewith the maximumweight, wherethe weight t adc e is computedasthe sumof all the
occupanciesin input U plusthesumof occupanciesin output

V
.

Givena prior knowledgeof all therates̀gadc e , eitherthroughtraffic engineeringconsiderations,
or throughspecificationsof traffic profiles,a repeatingsequenceof - matchingsmaybeusedto
essentiallyprovide a virtual trunk with the specificrates,thusensuringstability. The - match-
ingsmaybecomputedoffline usingtheBirkhoff-Von Neumann(BVN) matrixdecomposition[5],
which computes-�A|9:�3
 � � numberof templatesin a total run time of 9:�3
�� > @ � andrequiresno
speedupto operate.Note thatwhile thealgorithmhashigh complexity andmemoryrequirement
to storethetemplates,thedecompositionneedsto berepeatedonly whentheratematrix changes.
Alternatively, the templatescan also be computedby performingflow fitting on a structurally
equivalentClos network [30]. (This may be viewedasa proof for Proposition2 for the specific
casesof IQ andCIOQswitches.)In this approach,assumingthatall theratesareintegermultiples
of some ` HKJML , eachrateis convertedinto `gahc e7��` HKJML circuits, which needto be realizedin �!��` HKJML
time. This canbedonewith a speedupof 2, i.e.,by partitioningthecircuitsinto &���` HKJML templates
usingtheClostheorem,or without speedupusingtheSlepian-Duguidtheorem.Therunningtime
complexity for theformercanbefoundas 9=�3
���` �HKJML � , andfor thelatteras 9=��
 � ��` HKJML � . In con-
trast to deterministicallycomputingandstoring templates,a probabilisticrate-driven algorithm
waspresentedin [48], wheretherateswereusedto generatea maximalsizematching.

To summarize,a maximal sizematchingis sufficient to ensurestability underany admissi-
ble traffic using a speedupof 2, while a maximumweight matchingensuresthe samewithout
speedup2. A maximalsizealgorithm,suchasiSLIP, may be usedwithout speedupfor uniform
traffic, andrequiresonly asingleiterationfor uniform Bernoulli traffic. Finally, if all theratesare
known beforehand,anoffline ratedecompositionalgorithmmaybeusedto generateasequenceof
templatesto provision thoserates.

3.2.3 OQ Emulation

While differentsize,weightandrate-basedmatchingshavebeenshown to possessvaryingstability
properties,theability to exactlyemulateanOQ switch for any traffic patternwould undoubtedly
be the mostdesirablepropertyfor an input queuedswitch. Chaunget al. [17] showed that this
was indeedpossible,in theory, for a CIOQ switch with a speedupof 2. (This wasalsoproved
independentlyin [44, 66].)

Thealgorithmpresentedin [17], Critical CellsFirst (CCF),maintainsa priority list, for every
output,of cells enqueuedanywherein the system. The positionof a cell in this list, called its
outputcushion, is calculatedby simulatinganOQswitchof thesamedimensionswith thedesired
link schedulingscheme.Theclassof schedulingschemeswhich canbeemulatedis thePacket-In

2It hasbeenwidely conjecturedthat thesetwo resultsareanalogousto theClos theoremandtheSlepian-Duguid
theorem,respectively, for acircuit-switchedClosnetwork, asamatchingcanbeviewedasanonlinefitting of circuits
over thetime-scaleof averagingof therates.
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First-Out(PIFO),which is amodelfor any servicedisciplinein which therelativedepartureorder
of cells doesnot changewith future arrivals. An incomingcell is insertedinto the input queues
in sucha way that thecellsarein ascendingorderof their outputcushions.A stablematchingis
calculatedwhichensuresthat,for eachinput,eitheracell is transferedor acell from anotherinput
with a loweroutputcushionis transfered.Sucha matchingcanbecomputedby solvingthestable
marriageproblem,for example,usingtheGale-Shapelyalgorithmwhichrunsin 9=���y� time,where� is thesumof thelengthsof all theinput queues.

3.3 QoS Methodologies

As opposedto IQ arbitrationalgorithms,themain focusof which (exceptfor ratedecomposition
andemulationschemes)hasbeento providemaximumthroughputin relationto awork conserving
idealswitch, theprimarygoalsof QoSalgorithmsaretwofold: (i) to provide isolatedbandwidth
guaranteesto specifiedflows; and(ii) to provide fairnessin thedistribution of excess(best-effort
portion)bandwidth. Isolationrefersto theability to provide a virtual bandwidthtrunk to a flow,
irrespective of the arrival patternsof other flows. The time-scaleover which suchisolation is
providedtranslatesinto thelatencyof service,andconsequentlyaffectsthedelaysobservedby the
packetsbelongingto thatflow. Thoughseveralnotionsof fairnessmaybecontemplateddepending
uponthe applicationof the flow (suchasTCP connections),we restrictourselvesto the ability
to control the excessallocationdependingon specifiedweights. Both the above objectivesare
especiallymeaningfulunderinadmissibletraffic.

The goalsof isolationand fairnessareprovided by a combinationof schedulingandbuffer
managementalgorithms.Thesehave beenstudiedextensively in thecontext of OQ switches,i.e,
singlememoryelements,andareoverviewedin AppendixB.

3.3.1 QoS in Input Queued Switches

While OQ emulationestablishedthe theoreticalpossibility to provide any desiredQoS perfor-
mancein a CIOQ switch by emulatinga chosenlink schedulerfor an equivalentOQ switch, its
implementationremainsinfeasible.Accordingly, in practice,QoSis providedby consideringeach
of thestagesasindependentelementsandusinga hierarchicalschedulingstructure,implemented
in a distributedfashion[63, 8] amongtheelements.

We will considera simpleexampleshown in Fig. 3.3 to illustratethemethodology. Theinput
elementscontaina virtual outputscheduler(VOS) for eachoutput,which areserved by the ar-
biter. EachVOScontainsaGBS(guaranteedbandwidthscheduler)andanEBS(excessbandwidth
scheduler)portion,whichdividesthebandwidthprovidedby thearbiteramongtheflows. Thearbi-
trationproceedsin two steps.In thefirst step,a(non-work-conserving)ratedecompositionscheme
is usedto provideisolatedbandwidthtrunksoneveryinput-outputpair. Thesegrantsarescheduled
amongtheflows by theGBSscheduler, thedelayboundin thefirst elementbeingdependenton
theaddedlatency of thearbiterandtheVOS.This hasmotivatedsomerecentinterest[39] in the
generationof low-latency smoothtemplates.In thesecondstep,a maximalmatchingalgorithmis
usedto maximizethroughput,which is distributedby theEBSschedulerin a chosenfair manner.
Note that, for admissibletraffic, theneedfor fairnessin thedistribution of (excess)bandwidthis
moot. For traffic thatcauses(sustainedor temporary)instability, excessbandwidthis first divided
on aninput basisby thearbiter(e.g.,usingequalweightingin thecaseof iSLIP), afterwhich it is
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distributedby theVOS.Clearly, this doesnot, in general,correspondto theweightingreceivedby
aflow from aflat link schedulerof anOQ switch.
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Chapter 4

Buffered Clos switches

The methodsfor constructinga high capacityswitching fabric, composedof smallerspaceand
memoryelements,arethe subjectsof this chapter. We first presentthe framework of functional
equivalenceusedto characterizetheperformanceof thefabric.Thearchitecturesunderourconsid-
erationarerestrictedto aclassof fully connectedthreestagemodels,which wecall BufferedClos
switches,andaredriven by differentdesignconstraints.The classincludessingle-pathmodels
suchastheCIOQ switchandmoregeneralmemory-space-memorydesigns,andmulti-pathones
suchastheparallelpacket switch(PPS).

The taxonomyitself is novel, and is unpublishedasof this writing. Someof the problems
addressedfor memory-space-memoryswitchesarestill works in progress,for which we present
our initial ideas. Regardingmulti-pathswitches,we includeour publishedresultsaswell asa
discussionon similar work beingconductedelsewhere,andidentify someasyet unsolvedissues.
Weconcludeby showing how theQoSmethodologies,well studiedin thecontext of OQswitches,
canbeappliedto themulti-moduleBufferedClosswitches.

4.1 Switch Model

A BufferedClosswitchis athree-stageswitchwith thefollowing structurallimitations.Thestages
are uniform, i.e., eachstageis composedof a single type of element,memoryor space. The
switch is symmetricalin arrangement,i.e., the numberof elementsin the third stage,andtheir
inter-connectionswith the second,area mirror imageof the first. Finally, we restrictourselves
to a square switch, i.e., onewith an equalnumberof input andoutputports. We introducethe
following 5-tuplenotationto specifytheswitchstructure:��� ��
 N{��NI�vN - N w � ,
where 
�
�
 is thesizeof theswitch,

�
is thenumberof first andthird stageelements,and - is

thenumberof centralstageelements.
�

is astringthatdenotesthetypeof elementsin eachstage,
with

�%E U S���� � N �|� , spaceandmemoryelement,respectively. Dueto thepropertyof symmetry,
thefirst stageelementshavedimensionsof 
�� � 
�- , thesecond

� 
 � , andthethird -m
�
�� � .
(Weassumethat 
�� � is aninteger.)

Theparameterw refersto thespeedupbetweenthefirst andsecondstages.Givenanexternal
link capacityof � , thetotal input link bandwidthof theswitchis 
�� . Similarly, if thecapacityof
thelinks betweenthestagesis � , thetotalbandwidthbetweentwo adjacentstagesis equalto � � - .
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Packet Switches
      OQ: Output Queued
      IQ : Input Queued
      Buffered Clos Switches
             Single Path
                    CIOQ: Combined Input Output Queued
                    CIOQ-A: CIOQ with Aggregation
                    CIOQ-P: CIOQ with Pipelining
                    G-MSM: General Memory-Space-Memory
             Multi-Path
                    PPS: Parallel Packet Switch
                    BVN: Birkhoff Von-Neumann

Figure4.1: A Taxonomyof BufferedClosswitches

By definition,if all theratesarenormalizedto theexternallink rate,thentheinternalcapacitycan
becalculatedas w "����� . Discounting,for now, theeffectsof bandwidthfragmentationontheinternal
links, theswitch is structurallynon-blockingaslong as w 1�� . We definea switchassingle-path
if eachrealizablepathbetweenaninput andoutputcontainsthesamememoryelement(s).If two
pathscontaindifferentmemoryelements,theswitchis consideredmulti-path. Notethatwe allow
two pathsin asingle-pathswitchto consistof differentspaceelements,becauseacell experiences
asmallfixeddelayasit traversesaspaceelement,essentiallyexhibiting predictablebehavior.

The taxonomyof BufferedClos switchesis obtainedby varying
�

andthe relationshipbe-
tween 
 ,

�
, and - . While we deferthemotivationandanalysisfor thespecificpointsof interest

in the taxonomy, we illustrateit in Fig. 4.1,anddefinethestructuresasfollows: (Strictly speak-
ing, IQ and OQ are not membersof this class,but we usethe samenotationfor uniformity.)

OQ : �3
 N!E � S5N � NO�bNO� �
IQ : �3
 N!E �;� S5N 
 N � N �	�

CIOQ : �3
 N!E �;��� S5N 
 N � N w �
CIOQ-A : �3
 N!E �;��� S5NO�\N � N w � , 
�� � is aninteger
CIOQ-P : �3
 N!E �;��� S5N 
 N - N w �
G-MSM : �3
 N!E �;��� S5NO�\N - N w � , 
�� � is aninteger

PPS : �3
 N!E � � �gS5N 
 N - N w � , � is variable
BVN : �3
 N!E ����� S3N � N - N w �

We addressthe performanceof all but the last item in the above list, the so-calledBirkhoff-Von
Neumann(BVN) switch(not to beconfusedwith BVN ratedecomposition),which hasgarnered
somerecentinterest[6, 35] asa generalspace-memory-spacedesign.Thedesignconstraintsthat
leadusthroughthetaxonomycanbeennumeratedasfollows. Thememoryelementis constrained
in sizeandcapacityby the availablememorybandwidth,andin complexity by the frequency of
link schedulingoperations.The spaceelementis constrainedin capacityby the transferratebe-
tweenan input-outputpair, in sizeby therealizablepin countin ASIC, andin complexity by the
frequency of arbitration,which itself dependson thecapacityandthesize.

As seenfrom thepreviouschapter, CIOQis fairly well-studiedandwidely deployed.CIOQ-A,
CIOQ-P, andG-MSM switchesarealreadyfoundin practice(e.g.,[12, 13]), but theirperformance
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is relatively lesswell studied.PPSandBVN arestill mainly undertheoreticalinvestigation.

4.1.1 Functional Equivalence

We denotea switch
� � operatingunderasetof algorithms :� to befunctionallyequivalentwith a

switch
� � , operatingunder  y� , asfollows:

� � � N  :�W��¡ c ¢£ � � � N  y�I� N
where ¤ is theclassof traffic for which theequivalenceholds,and ¥ denotesthelevel of equiva-
lence.Thefollowing arethelevelswhich areof our immediateinterest:¥^� Assumingall theaveragerates̀gahc e betweentheinput-outputpairsareknown, andtheratesare

admissible(i.e., ¦ V f a `badc e�i2� ), givenan algorithmset  y� which ensuresthe stability of
the queuesin

� � , we canfind an algorithmset  :� which ensuresthe samein
� � . In other

words, ¥�� denotestheability to providevirtual trunksof known admissibleratesbetweenthe
input-outputpairs.¥s� Assumingrates `gahc e are admissible(i.e., ¦ V f a `badc e�i}� ), given an algorithm set  y� which
ensuresthestability of thequeuesin

� � , we canfind analgorithmset  :� which ensuresthe
samein

� � , without explicit knowledgeof the individual rates.We saythat
� � is relatively

stablewith respectto
� � .¥ � Givenan algorithmset  y� which ensuresthe stability of eachoutput

V
with admissiblerates

(i.e., those
V

for which f a `gahc e:i~� ), in switch
� � , we canfind a set  :� which enablesthe

samein
� � . We defineanoutput

V
to bestableif thesystemof queueswhich containtraffic

to output
V

is stable.In otherwords, ¥ � representstheability of a switchto isolateunstable
outputsin thepresenceof inadmissibletraffic. Wesaythat

� � is relatively stablein thestrict
sensewith respectto

� � .¥ � Given  y� whichensuresthestabilityof asubsetof input-outputpairswith admissiblerates(i.e.,
pairs ��U N?V � for which `gahc e)i t adc e , thefractionof theoutputlink bandwidthgivento thepair
by  y� ) in switch

� � , we canfind  :� which guaranteesthesamein
� � for thesamesubset.

We definean input-outputpair �$U N?V � to bestableif thesystemof queueswhich containthe
traffic belongingto thepair is stable.¥ � representstheability of theswitchto isolateunstable
input-outputpairswithin the same(unstable)output. We saythat

� � is relatively stablein
thestrictestsensewith respectto

� � .¥s@ Givenanalgorithmset  y� for
� � , wecanfind aset  :� which ensuresthatcellsdepartfrom

� �
in anexactemulationof thedeparturefrom

� � .
In essence,¥^� denotesthe ability of a switch to utilize the knowledgeof all the admissible

ratesto ensurethat thegivenratescanbe supported.For example,theBVN ratematrix decom-
positionprovidesvirtual trunkswith the given ratesfor input queuedswitches,andcanbe used
for ¥^� equivalence.Notehowever thatsuchratedecompositionschemesarestrongerthan ¥�� since
they canalsoguaranteegivenraterequirementseven if theofferedarrival ratesdo not adhereto
thoserequirements.Equivalenceat level ¥s� hasbeenequatedin the literatureto providing 100%
throughputin packet switches.Levels ¥ � and ¥ � provide further meansto maintaintheso-called
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100%throughput,while isolatingspecificflows that contribute to congestionandinstability. In
thatregard,they might alsobeconsideredaslevelsof fairnessin thedistribution of bandwidthin
a (partially) unstablesystem.Notealsothat thepropertyof work-conservation,on anoutputlink
basis,is sufficient for ¥ � , but not for ¥ � equivalence.

Themethodologyto prove thestability of a systemof queuesis left open,which might itself
restrictthetraffic class¤ . Weestablishtwo importantpropertiesto aid in recognizingequivalence.
Noticethateachlevel of equivalencesubsumesthepreviouslevel, i.e., if theequivalenceholdsat
level ¥!a , thenit holdsfor all ¥Te N§V i�U . This leadsusto thecontainmentproperty:

� � � N  :�(� ¡ c ¢5¨£ � � � N  y�I�ª©«¦ V i#U N � � � N  :�W� ¡ c ¢­¬£ � � � N  y�®� (4.1)

Also, it is easyto seethat eachlevel of stability lendsitself to the transitiveproperty. That is,
if a set of equivalencesof switch

� � with respectto
� � is well known, it suffices to show the

equivalenceof anew switch
� � with

� � in orderto establishthesamewith respectto
� � .� � � N  :�W��¡ c ¢£ � � � N  y�®�¯ � � � N  y�I��¡ c ¢£ � � � N   � �°© � � � N  :�W��¡ c ¢£ � � � N   � � (4.2)

Sincetheoptimality of work-conservingOQ switchesis well established,we canunambiguously
characterizetheperformanceof any givenswitch

�
by finding algorithms  , suchthat it is func-

tionally equivalentat level ¥!a with theOQ switch,for thelargestvalueof U andthebroadesttraffic
class¤ , i.e., ±�²�³g´ � � � N  µ� ¡ c ¢5¨£ � OQ,

�
Work Conserving(WC) �¶�

The known resultsfor IQ andCIOQ switches,which werereviewed in the previous chapter, fits
into this framework asfollows:

(IQ,
�
BVN Decomposition� ) ¡ c ¢W·£ (OQ,

�
WC � )

(IQ,
�
iSLIP � ) ¡ c ¢§¸£ (OQ,

�
WC � ), ¤ :Bernoulli, i.i.d., uniform; singleiteration

(IQ,
�
iSLIP � ) ¡ c ¢ ¸£ (OQ,

�
WC � ), ¤ :i.i.d., uniform; 
 iterations

(IQ,
�
MaximumWeight� ) ¡ c ¢§¸£ (OQ,

�
WC � )

(CIOQ,
�
Maximal Size� ) ¡ c ¢§¸£ (OQ,

�
WC � ), w A;&

(CIOQ,
�
CCF� ) ¡ c ¢5¹£ (OQ,

�
WC, PIFO� ), w A;&

4.2 CIOQ: Some Loose Ends

TheCIOQswitchis attractivebecausethememorybandwidthrequiredis �W��� w � timestheinterface
rates,without a dependenceon the size of the switch. However, assumingthat a large space
elementwith a link rateof w canbebuilt, therearetwo immediateproblems.Thefirst is related
to performance.Functionalequivalenceat level ¥!@ canbeachievedasshown in [17], however the
algorithmis exceedinglycomplex. Practicalalgorithmshavenotbeenshown to berelatively stable
in the strict sense.The secondproblemis relatedto the frequency of arbitration. The lengthof
anarbitrationcycle is givenby ��� w � , where � is theoutputlink capacityand � is thesizeof the
cell. Therefore,it decreaseswith increasingtransferrates.Additionally, many of theopticalspace
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elementswhich provide thefastesttransfersratesuffer from a high re-configurationlatency, once
amatchinghasbeencomputed.Weaddresstheseissuesbeforeproceedingto thenext point in the
taxonomy.

4.2.1 Strict Relative Stability

Oneof the desirablepropertiesof anOQ switch is that instability at anoutputis isolatedto that
output. In otherwords,if f a `badc ey1C� for someoutput

V
, it doesnot affect thestability of queues

at otheroutputs,aslongasit employsawork conservingpolicy. Considerapartitioningof theset
of outputports

� � N & N,º,º,ºTN 
0� into two propersubsets» and � . Let f a `badc e�i�� for all
V=� » , andf a `gadc e¼1|� for all

V=� � . A CIOQ switchwould beequivalentat level ¥ � with a work conserving
OQswitch,aslongasall outputsin » arestable.Of course,directlyproviding aspecificmatching
algorithmthatguaranteeswork-conservation(suchastheonein [44]) immediatelyestablishes¥ �
equivalence.However, our goalhereis to provide thesameusingsimplermatchings.

NotethateachinputelementU hasvirtual outputqueuescorrespondingto outputsin both » and� . Let q adc e and q adc ½ betwo suchqueues,respectively. At first glance,it seemsthatthecombination
of the instability of q adc ½ anda badmaximalsizematchingalgorithmwhich alwayschoosesthat
queuewould causethe instability to spreadto q adc e . However, we conjecture1 thatbecauseof the
physicalinput link limitation f e `badc eµ¾~� , any maximalmatchingwith speedupof 2 is sufficient
to ensurerelative stability in the strict sense.(This strengthensthe resultproved in [19], which
appliedonly whenall therateswereadmissible.)

Conjecture 1 (CIOQ,
�
MaximalSize� ) ¡ c ¢3¿£ (OQ,

�
WC� ), w A�&

Next, consideran output
V

belongingto the set � of unstableports. Also, assumethat the
referenceOQ switch hasthe ability to divide the capacityof output

V
accordingto normalized

weightst ahc e (e.g.,by usingvirtual inputqueueingat theoutputs,andany weight-basedscheduling
scheme)amongthe pair ��U N?V � . Then,if `badc e turnsout to be lessthan t ahc e , the pair ��U N?V � remains
stable,evenwithin anunstableport. In otherwords,awork conservingOQswitchwith any weight
basedpolicy hastheability to isolateinstability on aninput-outputpair basis.Our next goal is to
enablethesamein aCIOQswitch,therebyproviding ¥ � equivalence.

Considera CIOQ switch with virtual input queuesq�Àadc e in eachoutputelement
V

for eachof
the inputs. We can show by a simple counterexample that any maximal matchingalgorithm
cannotensurerelative stability with anOQ switch in thestrictestsense.Let `��?c eÁAÂ`g�{c eÁA'� , and` � c evA<�!��& , with noothertraffic in theswitch,andweight t � c evA��!��&ª�ÄÃ . Clearly, in thereference
OQ switch, the pair �3Å N§V � would remainstable.However, irrespective of the schedulingscheme
amongthe virtual input queuesof the CIOQ, a badmaximalmatchingcanalwayschoosepairs�W� N?V � and �3& N?V � in analternatingfashion,andleaveout ��Å N?V � altogetherevenwith aspeedupof 2.

To remedytheabove, we proposetheShortestOutputQueueFirst (SOQF)algorithm,which
works asfollows. In the outputelements,the virtual input queuesarescheduledwith the same
weights ÆÈÇdÉ Ê asin the referenceOQ switch. Themaximalmatchingproceedsby first sortingthe
virtual input queuelengths,andin ascendingorder, matchingthefirst pair Ë�Ì{Í§ÎÐÏ with unmatchedÌ
and Î , which hasa cell to send.It canbeeasilyshown that this is an instanceof a maximalsize

1Thisresultis somewhatcounter-intuitive,andatremendouseffort to find acounter-exampleturnedoutto befutile.
Of course,we needa rigorousproof to establishthis asa theorem.An authorof theoriginal resulton maximalsize
seemsto concurwith this conjecture[59].
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matching,andhenceis at leastequivalentto a work-conservingOQ switch at level ÑsÒ (and ÑsÓ if
Conjecture1 is proved).Weclaim2 thatby giving preferencein themaximalmatchingto theleast
congestedpair, a CIOQ switch canisolateinstability on an input-outputpair basis.The running
timeof SOQFis dominatedby thetime to sorttheoutputqueues,i.e., Ô=Ë�Õ ÒgÖd×�Ø Õ�Ï .
Conjecture 2 (CIOQ, Ù SOQFÚ ) Û É Ü3ÝÞ (OQ, Ù WC,WeightSchedulingÚ ), ß¶à;á
4.2.2 Envelope and Batch Switching

Therehave beentwo recentapproachesto tackletheproblemsassociatedwith a high arbitration
frequency. The first [36] recognizesthe fact that the frequency is given by ß	â�ãDä and can be
reducedby increasingthedenominator. Severalcellsarepackedinto anenvelopeanda matching
is computedon an envelopetimeslot. It hasbeenproventhat this doesnot affect thestability of
the queues(eachqueuewill have an additionallengthof at mostan envelopelength),however,
sinceenvelopesarereleasedonly whenfull, thedelayof a cell in a partialenvelopeis potentially
unbounded.An additionalspeedup(of upto 2) ßDå can be usedto boundthe delay. Note that
envelopesalsoenablemoderatelycomplex (anddistributed)matchingalgorithmsby amortizing
thecomplexity over theenvelopetimeslot.

Another, possiblycomplimentary, approach[70] dealswith a commonproblemassociated
with opticalelements,thatof high re-configurationtimes.Eventhoughmatchingsmayproceedat
a frequency of ß	â�ãDä , where ä is now the envelopesize,thesemay be usedin conjunctionwith
evenslower re-configuration,by essentiallyaccumulatinga batchof matchingsandcomputinga
sequenceof configurationsthatcover thebatch.In [70], it hasbeenshown that á�Õ configurations
with anadditionalspeedupof ß,ÒæàÂá is sufficient to cover a batchof any size.Thoughwe do not
proposeany new algorithmsthataddresstheseissues,weneedto notethattheactualspeedupof a
spaceelement,in practice,would equal ß�åWß	ÒTß , where ß is thespeedupof a CIOQ switchthatdoes
notemploy eitherof thetwo techniques.

4.3 Single-Path Buffered Clos Switches

The CIOQ switch is the simplestinstanceof a single-pathBufferedClos switch. We now show
how to addthetechniquesof aggregationandpipeliningto obtainmorecomplex designs,andthe
algorithmsthatmaintainequivalencewith anOQ switch.

4.3.1 CIOQ-A: Aggregation

A CIOQ switchwith aggregation(CIOQ-A) is obtainedby grouping Õ�ã�ç consecutive interfaces
of the former into the samememoryelement,asshown in Fig. 4.2(b). Consequently, thereareç memoryelementsin the first andthird stage,anda singlespaceelementin the secondstage.
Eachmemoryelementnow requiresamemorybandwidthof Ë(èêé�ß!Ï�Õ�ã�ç timestheinterfacerate.
The spaceelementrequiresa transferrateof ß!Õ�ãDç on eachlink (insteadof ß in CIOQ) andan

2As of now, we possesstheintuition behindthealgorithm,but no analyticalproof. If we fail in thelatter, theplan
is to validatethealgorithmby resortingto simulations.We mayalsousetheschemeto provide equivalenceat levelëIì

in casethepreviousconjectureturnsout to be incorrector in thecasewhenthesumof theincomingratesinto an
inputelementexceedsunity dueto multicasttraffic.
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arbitrationandconfigurationfrequency of ß	Õ�ã�ç matchingspertimeslot.Wereferto thecycletime
of transferof thespaceelementastheinternal timeslot,whichis çXã�ß	Õ timestheexternaltimeslot.
Fromadesignpointof view, thisapproachhasafew advantages.Thesizeof thespaceelement,and
hencethenumberof inter-connectionsandtheinternalcontention3 points,decreasesby a factorofç . A maximalmatchalgorithmon thesmallerspaceelementhasa time complexity of ß�í îvÔ=Ë�ç Ò Ï
per external timeslot,or Ô=Ë�Õ�çïÏ asopposedto Ô:Ë3Õ Ò Ï in CIOQ (thoughthis point is rendered
ineffectivein someof themorecomplex algorithmsexplainedbelow). Aggregationalsoallowsthe
reuseof existing spaceelementsto supportmultiple subports.The primary disadvantageof this
approachis thehighermemorybandwidthcomparedto aCIOQswitchof thesamedimensionsand
thehigherfrequenciesof schedulingin thememoryelementsandarbitrationfor thespaceelement.

s

sN/P

s/Q

sN/PQ

(a) CIOQ

(b) CIOQ-A

(c) CIOQ-P

(d) G-MSM

Aggregate Pipeline

AggregatePipeline

Figure4.2: SinglePathBufferedClosSwitches

Thesameratedecompositiontechniquesof CIOQ,asreviewedin Sec.3.2.2canbeperformed

3The advantagesof lower numberof contentionpoints will likely not be revealedin maximal matchingswith
worst-casespeedup,but mightbeapparentin sub-maximalmatchingsandlowerspeedup.Thisneedsto beverified.
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on an input-outputelementbasis,for known admissibleratesto achieve equivalenceat level Ñ^å
with an OQ switch. Furthermore,a maximalsizematchingdonean elementpair basis,canbe
easilyshown to berelative stablewith OQ for ßðà�á . Thestraightforwardproof of thefollowing
maybefoundin AppendixC.1. (Notethat ÑsÓ equivalencealsoholdsif Conjecture1 is true.)

Theorem 1 (CIOQ-A, Ù MaximalSizeÚ ) Û É Ü5ñÞ (OQ, Ù WCÚ ), ß¼àòá
For strongerequivalence,we proposean algorithmcalledshadowCIOQ-ó , which emulates

a CIOQ switch running ó , followed by a decompositionof the matchings,to achieve the same
level of equivalencewith an OQ switch as that achieved by ó . Consideran Õ ô#Õ CIOQ-A,
with all ratesnormalizedwith respectto the interfacerates. Let the queuesbe arranged(e.g.,a
combinationof virtual outputandvirtual input queues)asrequiredby ó . Shadow CIOQ-ó first
computesß	õ matchingsevery timeslotby running ó , where ß	õ is thespeeduprequiredto operateó in a CIOQ switchwith thesamedimensions.Consideronesuchmatchingö , andcomposean
aggregatematchingöQõ asfollows:÷ Ì�ø�ç\Í:Î:ø�ç ö õÇdÉ Ê à ù7úüûý ÇþùOÿ û ý�� Ç��gå���� å

� úüû ý Êþ� ÿ û ý�� Ê	�gå���� å ö ù É
�

Note that the aggregatematchinghasthe following properties. The sumof all entriesin a
columnor arow is nogreaterthan Õ , andeachentrysumsupto nogreaterthan Õ�ã�ç . Viewing the
entriesasnumberof circuits,it followsfrom Clostheorem(Sec.3.1)that öQõ canbepartitionedintoábË�Õ�ã�ç)Ï�
 è matchingsin a greedyfashionin Ô:Ë í ñî Ï time, or usingtheSlepian-Duguidtheorem
into Õ�ã�ç matchingsin Ô:Ë3Õjç Ò Ï time. Eachof the computedpartitionsis usedas a matching
for the ç ô.ç spaceelement,running at at a frequency of ß!Õ�ãDç . Consequently, the shadow
CIOQ-ó , followedby Closor Slepian-Duguid(SD)fitting, requiresaspeedupof Ë5á�
 îí Ï{ß	õ or ß	õ ,
respectively, to exactly emulatea CIOQ switchrunning ó at a speedupof ß	õ (seeFig. 4.3 for an
example).Wehave just provedthefollowing result:

Theorem 2

(CIOQ-A, Ù ShadowCIOQ-ó , ClosFitting Ú ) Û É Ü�
Þ (CIOQ, ó ), ß¶à�Ë3á�
 îí Ï{ß õ
(CIOQ-A, Ù ShadowCIOQ-ó , SDFitting Ú ) Û É Ü�
Þ (CIOQ, ó ), ß¶à;ß	õ
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Theabove result,alongwith thecontainmentandtransitivepropertiesof functionalequivalences,
leadsusto thefollowing:

Corollary 1 (CIOQ, ó ) Û É Ü��Þ (OQ, ó�� ), ßæà;ß	õ �
(CIOQ-A, Ù ShadowCIOQ-ó , ClosFitting Ú ) Û É Ü��Þ (OQ, ó�� ), ß¼àÂË3á�
 îí Ï{ß	õ , and

(CIOQ-A, Ù ShadowCIOQ-ó , SDFitting Ú ) Û É Ü��Þ (OQ, ó�� ), ß¼à�ß	õ
This allows us to establishequivalencesfor CIOQ-A by applyingwell known resultsfor CIOQ.
For example,a CIOQ-A switch is relatively stablein the strictestsensewith an OQ switch, by
shadowing a CIOQ with the SOQFalgorithmwith speedup2, followed by fitting. Clos fitting
requiresa total speedupof ��
òá îí anda complexity of Ô:Ë3Õ Ò�Öh×�Ø Õ8Ï dominatedby the sorting
time,while SD fitting requiresa total speedupof 2 anda complexity of Ô=Ë�Õ Ò�Öd×�Ø Õ é#Õjç Ò Ï . An
openquestionis whetherequivalenceat level Ñ�� (i.e., strictestsense)canbe establishedwithout
resortingto a shadow CIOQ,possiblyin fastertime.

4.3.2 CIOQ-P: Pipelining

A CIOQswitchwith pipelining(CIOQ-P)is obtainedby replacingasinglespaceelementof CIOQ,
runningat interfacerate ß , by � instancesof elementsrunningatrate ß!ã�� , asshown in Fig.4.2(c).
Eachmemoryelementrequiresa memorybandwidthequalto ËWè é_ß!Ï timestheexternalinterface
rates(sameasin CIOQ).Eachspaceelementhasaconfigurationfrequency of ß!ã�� matchingsper
timeslot. The lengthof an internaltimeslotnow is muchlonger, equalto �lã�ß timestheexternal
timeslot. The frequency of the total numberof arbitrations,over all thespaceelements,remains
at ß pertimeslot.Themaindesignadvantageof this approachis thatslowerspaceelementsof the
samedimensionsmaybeusedto constructa higherinterfacerateswitch. Also, if thematchings
for all theelementscanbecomputedin parallel(a non-trivial task),the frequency of arbitrations
goesdown by a factorof � .

We first show two algorithmsthatrely onshadowing aCIOQ switch,in thesamefashionasin
theprevioussection.Again, let ß	õ bethespeeduprequiredby algorithm ó on CIOQ, to achievea
certainequivalencewith anOQswitch.Shadow CIOQ-ó computesmatchingsö�Ë��KÏ atafrequency
of ß	õ pertimeslot.Eachspaceelement� is configuredwith amatchingö � ù � Ë��KÏ whereö � ù � Ë��KÏªà ö�Ë��/Ë���
_è!ÏKé �bÏ
Therefore,eachspaceelementgets è!ã�� of theoriginal matchings,which canbesatisfiedaslong
as ß)à<ß	õ . Since ö�Ë��KÏ is essentiallyallocatedto the � spaceelements,oneelementat a time, we
call this methodsequentialdispatch.

To bring down the arbitrationfrequency in line with the lower transferratesof the spaceel-
ement,we proposea methodcalledstriping. In this, we shadow a CIOQ switch running ó with
envelopesof size � . If ß õ�!#" ß õ is thespeeduprequiredto achieve thedesiredequivalencewhile
allowing for theeffectsof theenvelopes[36], thenthefrequency of arbitrationis broughtdown toß õ ! ã$� envelopematchingspertimeslot.For eachsuchmatching,webreaktheenvelopeandassign
a singlecell to eachof the � spaceelements.Theassignmentscanbesatisfiedaslongas ß¼à�ß!õ ! .
Essentially, wehaveprovedthefollowing results:
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Theorem 3

(CIOQ-P, Ù ShadowCIOQ-ó , SequentialDispatch Ú ) Û É Ü�
Þ (CIOQ, ó ), ß¼à;ß õ
(CIOQ-P, Ù ShadowCIOQ-ó , StripingÚ ) Û É Ü 
Þ (CIOQ, ó&%%Ù K-EnvelopesÚ ), ß¼àòß õ�!

Again, by usingthecontainmentandtransitive propertiesof equivalences,we have thefollowing
resultfor proving a desiredequivalenceof CIOQ-Pwith anOQ switch: (anda similar onefor the
stripingalgorithm)

Corollary 2 (CIOQ, ó ) Û É Ü��Þ (OQ, ó�� ), ßæà;ß	õ �
(CIOQ-A, Ù ShadowCIOQ-ó , SequentialDispatch Ú ) Û É Ü��Þ (OQ, ó�� ), ß¼à;ß	õ

It would be advantageousto have methodswhich enableequivalenceswithout resortingto
eithershadowing CIOQ,or usingenvelopesof size � . Our goal is to maintainanarbitrationfre-
quency of ß!ã�� usingconcurrentarbitersattachedto eachspaceelement.Recognizethatenvelopes,
in essence,allow to distributethematchedtraffic in anexactly equalproportionto eachof the �
elements.We proposeanalgorithmcalledequaldispatch which achievesthesameresultusinga
slightly complex queueinglogic. In eachinputmemoryelement,per-pathvirtual outputqueuesare
maintained.Thatis, in elementÌ , thereis a VOQ ' � ù �ÇhÉ Ê for output Î , for eachof thespaceelements� , asshown in 4.4. Thetraffic belongingto aninput-outputpair Ë�Ì�Í?Î Ï is split equally(on a round
robin basis)to each' � ù �ÇhÉ Ê , �là�è�Í)()()(7Í	� . Eachspaceelement� computesmatchingsconcurrently
basedonly on thestateof theper-pathqueuescorrespondingto � . Essentially, per-pathqueueing
allows to distributethetraffic belongingto Ë�Ì�Í?Î Ï to � concurrentplanes,eachbeingservedby an
individualspaceelement.Wecanshow (seeAppendixC.1) thatif eachelementperformsmaximal
matching,all thequeuesarestablefor admissibletraffic, aslongas ß¼à;á .
Theorem 4 (CIOQ-P, Ù EqualDispatch, MaximalSizeÚ ) Û É Ü§ñÞ (OQ, Ù WCÚ ), ßæà;á
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Note that the above would alsohold for ÑsÓ equivalenceif Conjecture1 is true. Similarly, if
eachoutputmemoryelementmaintainsper-pathvirtual input queues,groupedon thebasisof the
spaceelementthat feedsinto it, we can easilyshow that Ñ�� equivalencealso holds,as long as
Conjecture2 is true. The outputscheduleroperatesusingweight ÆÈÇdÉ ÊTã�� for virtual input queue' � ù � !ÇdÉ Ê , where ÆÈÇdÉ Ê is theweightgivento theinput-outputpair Ë�Ì�Í?Î Ï by a schedulerin thereference
OQ switch.

Conjecture 3 (CIOQ-P, Ù EqualDispatch, SOQFÚ ) Û É Ü ÝÞ (OQ, Ù WC,WeightSchedÚ ), ß¼àòá
For implementationpurposes,to avoid mis-sequencing,theper-pathqueuesarenot physically

separate.Indeed,all thecellsareenqueuedinto thesamephysicalvirtual output(andinput)queue,
andonly theper-pathoccupanciesaremaintained.Theseoccupanciesareviewedasactualqueue
lengthsfor matchingpurposesonly. By sequentiallynumberingthespaceelements,or by slightly
skewing thecell transfers,theorderingof thecellscanbedeterminedat theoutputelement.

4.3.3 G-MSM: Memory Space Memory

A GeneralMemory-Space-Memory(G-MSM) switchmaybeconstructedby combiningaggrega-
tion andpipeliningasshown in Fig. 4.2(d). Eachmemoryelementrequiresa memorybandwidth
of ËWè¶é ß!Ï�Õ�ã�ç timesthe interfacerates. Eachspaceelementhasa transferrateandconfigura-
tion frequency of ß!Õ�ãDç*� . The total arbitrationfrequency, over all thespaceelements,is ß	Õ�ã�ç
matchingsper timeslot,asin CIOQ-A. The lengthof an internaltimeslotof thespaceelementisç+�lã�ß	Õ timesthatof theexternaltimeslot,andmaybehigheror lower dependingon thechosen
dimensions.

The performanceof a G-MSM switch is a naturalcombinationof that of the CIOQ-A and
CIOQ-Pdesigns.Considera G-MSM that employs VOQs ' � ù �ÇdÉ Ê in input elementÌ for eachpath
(spaceelement)� , whereÎ is thedestinationoutputelement.We canshow, similar to Theorems1
and4 that the equaldispatchalgorithmfollowed by � concurrentmaximalsizematchings,at a
frequency of á�Õ�ãDç*� , is sufficientto ensurerelativelystabilitywith awork-conservingOQswitch:

Theorem 5 (G-MSM, Ù EqualDispatch, MaximalSizeÚ ) Û É Ü5ñÞ (OQ, Ù WCÚ ), ß¼à�á
While the truth of Conjecture1 will allow to easilyestablishÑ!Ó equivalence,anopenquestionis
whetherequivalenceat level Ñ�� canbeestablishedusingavariationof SOQF, without resortingto
shadowing.

Thereare threeshadowing approachesfor G-MSM, which may be usedto achieve stronger
equivalences.In thefirst, virtual input (andoutput)queuesaremaintained,asrequiredby a target
algorithm ó , on a per-pathbasis.Theequaldispatchalgorithmis usedto separatetraffic into �
planes.Eachpaththen(in parallel)shadows a CIOQ switch at a frequency of ß õ ã�� matchings
pertimeslot,followedby theaggregationandfitting techniquesof CIOQ-A. While equaldispatch
doesnot lenditself to anexactemulationof a CIOQ switch,theshadowing andfitting algorithms
emulateaCIOQ in eachplane(Theorem2). Combiningwith Conjecture3, weobtain:

Conjecture 4

(G-MSM, Ù EqualDispatch, ShadowCIOQ-ó , ClosFitting Ú ) Û É Ü5ÝÞ (CIOQ, ó ), ß¼àÂË3á�
 îí Ï{ß	õ ,
(G-MSM, Ù EqualDispatch, ShadowCIOQ-ó , SDFitting Ú ) Û É Ü��Þ (CIOQ, ó ), ßæà;ß	õ

27



CIOQ

OQ

G-MSM

CIOQ-PCIOQ-A
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f1: BVN Decomposition

Figure4.5: Equivalencesfor single-pathBufferedClosswitches

Theabove maybeextendedby thetransitivepropertyto achieve any equivalenceÑ!Ç§Í{Ìvø,� with a
referenceOQ switch.

Thesecondapproachis anextensionof thestripingalgorithm,whichdoesawaywith theneed
for equaldispatchor per-pathqueues.Choosingan envelopesizeof � cells andmaintaininga
shadowing frequency of ß õ�! ã�� , thematchingsareaggregatedandpartitionedin a mannersimilar
to theonein CIOQ-A. Thesamepartitionsareusedto configureall the � spaceelementsin each
internaltimeslot. Eachof the spaceelementsthencarriesa singlecell from theenvelope. Since
striping (Theorem3) andaggregating(Theorem2) provide for preciseemulationof a CIOQ, we
obatinthefollowing:

Theorem 6
(G-MSM, Ù Shadow, ClosFitting, StripingÚ ) Û É Ü�
Þ (CIOQ, ó % Ù K-EnvelopesÚ ), ß¶àÂË5á-
 îí Ï{ß	õ�! ,
(G-MSM, Ù Shadow, SDFitting, StripingÚ ) Û É Ü�
Þ (CIOQ, ó.%/Ù K-EnvelopesÚ ), ß¼à�ß õ�!

The third approachis anextensionof thesequentialdispatchalgorithm,andrequiresa shad-
owing frequency of ß	õ	ËWø ß	õ�!­Ï matchingsper timeslot,but doesnot useenvelopes. Eachof the
matchingis aggregated,as in a CIOQ-A, however, the resultingpartitionsareusedto configure
onespaceelementaftertheotherin asequentialfashion.Notethatthenumberof partitions( Õ�ã�ç
if SD fitting is used)is not requiredto exactly fit in the � elements.We obtainthesameresultas
in theabovetheorem,with ß	õ ! replacedby ß	õ . Theresultscorrespondingto thelasttwo approaches
maybeextended,againusingthetransitiveproperty(similar to Corollary2), to achievethedesired
equivalencewith anOQswitch.

Fig. 4.5 summarizesall the equivalencesdiscussedso far (including the conjectures).The
containmentandtransitive propertiesallow to follow multiple hopsof theequivalencegraph.An
interestingopenproblemfor aG-MSM switchis whetherthememoryelementscanberecursively
(!!) constructedusinga Õ�ãDç�ô/� CIOQ switch.Thisseemsto bepossiblefor all equaldispatch-
basedalgorithms,however, with physicallyseparateper-pathqueues,whichputsit in therealmof
multi-pathswitches.
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4.4 Parallel Packet Switches

A parallelpacket switch(PPS)allows to pool thebandwidthresourceson severalswitchingpaths
in orderto constructahighcapacityswitch.As shown in Fig. 4.6,an Õkô�Õ switchwith interface
rate 0 is composedof � logicalmemoryelements,eachof which is of size Õ ô�Õ andoperatesat
aninterfacerateof 1 . A centralelementis referredto asa coreswitch,while the èïô2� first stage
elementis referredto asaningressdemultiplexorandthe �<ôðè third stageelementis referredto as
anegressmultiplexor. The � coreswitchelementsmayberealizedbyasinglephysical��Õ ô���Õ
memoryelement,in which casetheswitchis referredto asan inversemultiplexedswitch[10], or
by � separatephysicalplanes[33, 42]. Also, thememoryelement(s)itself maybereplacedby a
CIOQ switch,which is equivalentat a givenlevel Ñ	Ç to anOQ switch(a singlememoryelement).
For thepurposesof analyseshowever, wewill restrictourselvesto themulti-planerealization,and� physicalmemoryelements,with the understandingthat an Ñ!Ç equivalencewith an OQ switch
for this systemwill continueto hold if thememoryelementsarereplacedwith a CIOQ exhibiting
thesamelevel of equivalence4.
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Figure4.6: A parallelpacket switch(PPS)

If ß is thespeedupof theswitch,thentheinternallinks operateat ß!ã�� timestheinterfacerates.
Assuminga CIOQ implementationwith speedupß	õ for the coreswitch, the memorybandwidth
requiredin thecoreis Ë(èüé�ß	õ®Ï{ß!ã�� timestheinterfacerate,whichcanbemadesignificantlylower

4This statementitself needsa rigorousproof,whichwe omit here.
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thantheinterfacerateby choosinganappropriate� . However, if thefirst andthird stagesarealso
composedof memoryelements,they still requireamemorybandwidthof ËWè�éyßsÏ timestheinterface
rates.Thus,weidentify two significantbenefitsof thisarchitecture.Firstly, it allowsto reuselower
capacitycomponents,eventhoughit mightrequirethedesignof memoryelementsrunningatrates
comparableto the highertarget interfacerates. Secondly, it raisesthe possibility of usingspace
elementsin thefirst andthird stages,therebyallowing to build aswitchin whichthefastestmemory
runsat a fractionof theexternalinterfacerates.Our goal is to establishequivalencesfor thePPS,
while attemptingto keeptheingressandegresseithermemorylessor with asmallfixedamountof
memorywhichcanbeimplementedon-chip.

4.4.1 Flow-Based PPS

Considera PPSwith 3 à5476,6,698 , i.e., all thestagesarecomposedof memoryelements.As-
sumingthe ratesof all the flows that traversethe switch areknown, Ñ�å equivalencewith an OQ
switchmaybeachievedby staticallyassigningaflow to aswitchingpathin oneof the � coreele-
ments.Theresultingswitchis calledaflow-basedPPS.A pathfor anadmissibleflow canbefound
aslong asthenumberof pathssatisfythe conditionfor multirateClos topologies(seeSec.3.1),
which translatesto thefollowing result:

Theorem 7 (PPS,Ù ClosFitting Ú ) Û É Ü;:Þ (OQ, Ù WCÚ ), 3 à<4=6,6>6985Í?� " áA@CB �EDGFIHKJL �ED FIHKJ �MD FIN OQP é/è
Notethatper-pathqueuesarerequiredin theingressandegresselementstobuffer theburstiness

of theflowsassignedto therespectivepaths.Theproblemassociatedwith thefragmentationof the
internallink bandwidthcanbemitigatedby splitting a selectednumberof high bandwidthflows
acrossmultiplepaths,andassigningweightsto eachpathfor thesplit flows[10]. Theadvantageof
staticassignmentis thatthereis nomis-sequencingof packets(exceptfor thesplit flows),asthere
is a singlefixed pathfor eachof theflows. Several so-calledclustered routersusethis approach
dueto its simplicity. Evenflows with no specifiedallocationsareassignedapath,usuallythrough
uniform hashfunctions. Flow-basedPPShasseveral disadvantages.Bufferlesselementsin the
first and third stagescannotbe contemplated. In addition, a large numberof high bandwidth
(andhence,split) flows essentiallynegatesthesequencingadvantage.Lastly, it canbeshown by
a simple counter-example5 that equivalencewith an OQ switch at level ÑsÒ or higher cannotbe
achieved.

4.4.2 Packet-by-Packet PPS

A packet-by-packet PPSperformsthe pathassignmenton a per-packet basisin contrastto static
flow assignment.Let RbÇdÉ Ê be the averagerateof the traffic betweenthe input-outputpair Ë�Ì�Í?Î Ï .
Consideranequaldispatch algorithmthatdistributestraffic belongingto thepair equallyamong
all the � pathsofferedby the coreelements,eitheron a roundrobin basisfor fixed sizedunits
(cells),or usingdeficit roundrobin for variablesizedpackets. In otherwords,eachflow, defined
asan input-outputpair in this case,is distributedequallyamongall thepaths.Consequently, the

5Considerthecasewhentheflowsassignedto a certainpath S , anddestinedto output T , generatemorethan U?VXW
timesthetotalaverageratedestinedto thatoutput.Evenwhen Y[Z]\ Z_^ `badc , it causesinstability in path S , while some
otherpath(s)is underutilized.
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averagerateof thetraffic betweenthepair Ë$Ì{Í?Î Ï in the � th coreelementis givenby÷ � R � ù �ÇhÉ Ê à è� RgÇhÉ Ê
Therefore,if outputÎ is stablein areferenceOQswitch,i.e., Y Ç RbÇdÉ Êfeg0 , wehave Y Ç R � ù �ÇdÉ Ê eg0Áã��for eachof thecoreelements.A work conservingcoreelementwith interfacerate 0Áã�� , i.e., ß¼à�è ,
ensuresthatoutput Î is alsostablein thatelement.Thus,wehave thefollowing result:

Theorem 8 (PPS, Ù EqualDispatch Ú ) Û É Ü�hÞ (OQ, Ù WCÚ ), 3mài4=6>6,6983Í®ßÁà|è
The above resultcontinuesto hold whenthe granularityof equaldispatchis smallerthanan

input-outputpair, e.g.,anequaldispatchof individualuserflowsamongthepaths.Per-pathqueues
arerequiredfor eachsplit flow in theingresselementto resolvecontentionamongmany flowsthat
simultaneouslychoosethesamepath,while similar queuesarerequiredin the egresselementto
correctlyorderthepacketswhich arrive from differentpaths.Sincetraffic is equallysplit atleast
on an input-outputpair basis,Theorem8 can be easily extendedby consideringweight-based
schedulersin thecoreelementswith exactly thesameweightsasin thereferenceOQswitch.

Corollary 3 (PPS, Ù EqualDispatch, WeightSchedÚ ) Û É Ü5ÝÞ (OQ, Ù WC,WeightSchedÚ ),3mài476,6,6983Í®ßÁà|è
We will now extend the equaldispatchalgorithm to a cell-basedfractional dispatch algo-

rithm [42], which enablesa PPSto have bufferlessingresselements,while maintainingthesame
equivalence. First, we make two observationsregardingthe above results. A fluid modelPPS
whichdividesthearriving traffic equally, in aninstantaneousfashionto the � paths,satisfiesThe-
orem8. Moreover, no buffers arerequiredin the ingressdueto the instantaneousdispatch,and
nonearerequiredin theegresssinceall thecoreelementsbehave asmirror imagesof eachother.
Secondly, noticethatgivenaninterfacerate 0 andaninternalrate 1 , thenumberof requiredcore
elementsis givenby ��àkj�0Áãl1lm . While anequaldispatchalgorithmis sufficient for relative sta-
bility in acell-basedPPSmodel,a fractionaldispatchwhichensuresthatoutof j�0Áã$1�m consecutive
cellsbelongingto a pair Ë�Ì�Í?Î Ï , not morethanonecell is forwardedto any singlecoreelement,is
alsosufficient for thesame(SeeAppendixC.2).

Theorem 9 (PPS, Ù FractionalDispatch Ú ) Û É Ü�hÞ (OQ, Ù WCÚ ), 3 à<4=6,6>6985ÍIß "5n Bpo L�qBpo L
Next, we recognizethatwhena cell arrivesat an input interfaceandis assignedto a path,the

pathremainsunusablefor j�0Áã$1�mA
�è additionaltimeslots,asshown in Fig. 4.7. Therefore,an
arriving cell findsa total of at most j�0Áã$1�mr
�è busy interfacesto thecoreelements.In addition,
if theingressperformsfractionaldispatch,the j�0Áã$1�ms
.è previously usedpathscannotbeusedto
dispatchthecurrentcell. However, thecell canbe immediatelydispatched,without queueing,if
boththeconditionsaresimultaneouslysatisfiedin theworst-case,i.e, if andonly if,� " Ë�j�0Áã$1�mt
_è!ÏpéòË�j�0Áã$1�mf
.è!ÏKé èà á�u 0 1wv 
_è

This translatesto a speedupof ß�à,�lãxj��lã�á�m . Furthermore,we showedin [42] thatfractional
dispatchhasthe samepropertieseven when it is carriedout over large block of cells, thereby
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allowing its applicationto variablepacket sizes.Specifically, thealgorithmstipulatesthatout of a
blockof � cells,no morethan� aredispatchedto thesamepath,where��	� �p�d� � � � |z ���M� ��� �� � |z
Sincetheconditionof Theorem9 is notviolatedby theinstantaneousfractionaldispatch,wehave
thefollowing resultfor aPPSwith bufferlessingresselements:

Theorem 10 (PPS, � FractionalDispatch � ) �E� ���� (OQ, � WC� ), �5~<�=�b�,�9���X��~ �� ���� �¡
Notethateventhoughtheelementis bufferless,theredoexist someon-chipbuffersto perform

headerprocessing,and to executethe load balancinglogic. Also, with fractionaldispatch,the
egresselementstill requiresbuffersfor re-sequencing.A work item in progressis to find themis-
sequencingboundfor thisalgorithm,andhencethesizeof theegressmemoryin orderto ascertain
if it is small enoughto be implementedon-chip(thereforequalifying the egressalsoasa space
element).Anotheritem [41] is the trade-off betweenbuffersandspeedup,while usingfractional
dispatchto maintainrelativestability.

S.Iyer etal. [33] haveshown thatanOQswitchwith aFIFOdisciplinecanbeexactlyemulated
by a PPSwith bufferlessingressandegresselements,with thesamespeedupasin the last theo-
rem.Theproposedemulationalgorithm,calledthecentralizedPPSalgorithm(CPA), maintainsa
shadow OQ switch,andfor every incomingcell at time ¢ for thepair £�¤¥�§¦E¨ , determinesthe time© £�¢��?¤ª�§¦E¨ whenthecell departsin theshadow switch. Recognizingthatat most y�zr{l|l}s« � paths
at theingress¤ will bebusyat thearrival time ¢ , anda similar numberat egress¦ at thedeparture
time

© £�¢��¥¤¥�§¦E¨ , a pathwhich simultaneouslysatisfiesboththeinput andoutputconstraintscanbe
foundaslongas ¬®­9¯�y�zr{$|�}f« � . Therefore,wehave

Theorem 11 (PPS, � CPA � ) �E� ��°� (OQ, � WC,FIFO � ), �5~<�7�±�>�#���X�-~ �� ���� �¡
A followup result [34] showed that a distributedvariantof CPA, which maintainsthe input

andoutputconstraintsindependentlyat eachinput, canemulatean OQ switch within a delayofy�²³{´�µ} usingthesamespeedupasabove. However, theegresselementnow requiresabuffer of size
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Õd� , whichcanpresumablybeimplementedon-chip.Further, it wasshown thatthesameamount
of buffers in the ingresselementallows to emulatethe OQ switch,within the samedelay, using
no speedupat all. It is importanthowever to notethat the emulationschemesneedto maintain
temporallists thatallow to determinethedeparturetime.

Note that multi-pathswitches,in general,suffer from out-of-sequencearrivals at the egress
element.This impliesthatlocalsequencecontrolalgorithmsmightberequired.A summaryof our
findingson open-loopsequencecontrolcanbefoundin [43].

4.5 QoS in Multi-Module Switches

We now proposea two-phasealgorithm6 calledswitchedfair airport, which enablesQoSprovi-
sioningin a multi-moduleswitch. Theideais to useproven Ñ�å and ÑQ� equivalencesof a switchto
provide isolatedbandwidthguaranteesandfairnessin sharingexcessbandwidth,respectively, in
a fashionsimilar to an OQ switch,without theneedfor exactemulation( Ñ�¶ ). Our referenceOQ
switchemploys thefair airportschedulerat eachoutputlink. A guaranteed-QoS(seeAppendixA
for definition)flow Ñ belongingto theinput-outputpair Ë�Ì�Í?Î Ï is associatedwith a rate 1 � ÜX�ÇdÉ Ê , which
is scheduledusinga non-work conservingpolicy (e.g.,a shapedvirtual clock). Eachflow, includ-
ing best-effort flows, is alsoassociatedwith a weight Æ � ÜX�ÇhÉ Ê , which is usedby a work conserving
scheduler(e.g.,weightedroundrobin) to fill up the slotsunusedby the guaranteedportion. We
assumea finite buffer size · associatedwith eachoutput Î , which usesa fair buffer management
scheme(whichalsoguaranteesbuffer allocations).

The switchedfair airport algorithmis a combinationof two phases,the first that ensuresÑ^å
equivalencewith anOQ switch for a shapedportionof theflows, andthesecondthatensuresÑ��
equivalence.We will illustrateits working on a CIOQ switch,andthendescribeits extensionto
othersingle-pathBufferedClosswitches.Consideran Õ+ôÄÕ CIOQ switch,in which theoutput
elementsemploy thesameper-flow fair airportschedulerasin thereferenceOQ switch. An input
elementÌ containsanon-work conservingschedulerperoutput Î , which servesthe � flows for the
pair Ë�Ì{Í§ÎÐÏ by shapingthe flow traffic into a guaranteedvirtual outputqueue(G-VOQ) ' �¹¸ �ÇdÉ Ê . For
implementationpurposes,thesequeuescontainonly theoccupancy countersfor eachflow, andthe
cellscontinueto residein the � per-flow queuesassociatedwith thepair Ë$Ì{Í?Î Ï . Thetotal average
bandwidthinto theG-VOQ is boundas R �=¸ �ÇhÉ Ê ø þÜµº � ÇdÉ Ê¥� 1 �

ÜX�ÇdÉ Ê
In thefirst phase,a maximalsizematching,with speedup2, is usedto matchon thebasisof' �¹¸ �ÇdÉ Ê . Due to theadmissibilityof R �=¸ �ÇhÉ Ê , over all input-outputpairs,this stepessentiallyprovidesa

virtual bandwidthtrunk of theaggregatedrateallocationsfor eachpair Ë�Ì�Í?Î Ï . Theshapingwithin
eachpair ensuresthatthetrunkbandwidthis properlydividedamongthe � flows in thepair7.

Conjecture 5 Rateshapingof flowsat everyinput-outputpair, followedbya maximalsizematch-
ing is sufficientto ensure theindividual flowratesthroughthespaceelementof a CIOQ.

6We call this schemeswitchedfair airportdueto its resemblancewith thefair airportalgorithm[27] for OQ.
7We have recentlyproved this conjectureto be true, usingthe Clos theorem(surprise,surprise!). However, we

shallcall it a conjecture,pendingits publication.
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Figure4.8: QoSin CIOQ usingSwitchedFair Airport

In thesecondphase,thesamemaximalsizematchingaddsconnectionsusingSOQF. For this
purpose,anoutputelementmaintainsvirtual input queueoccupancies»�¼½�¾ ¿ , andan input element
containsavirtual outputEBSscheduler, whichwhenenabledby anaddedconnectionin thesecond
phase,distributestheexcessbandwidthaccordingto thesameweight ÀrÁÃÂXÄ½�¾ ¿ . The intuition behind
this approachis that if an input-outputpair remainsstable(in the strictestsense)when its total
arrival rateis À ½�¾ ¿ timestheavailableexcessbandwidth,thenaflow within thatpair remainsstable
whenits arrival rateis À ÁÃÂXÄ½�¾ ¿ timestheavailablebandwidthon theoutputlink. However, this still
remainsaconjectureaswehavenot thoroughlyanalyzedtheschemeyet.

Conjecture 6 TheSOQFalgorithm,combinedwith a virtual-outputweight-scheduler, maintains
thesameper-flowweightedallocationof theoutputlink excessbandwidthasan OQ switch.

Note thatSOQFprovidesthe functionof feedbackcontrol from theoutputlink schedulerby
giving priority, in thematching,to flowswhoseservicerateat theinput elementdoesnotoverstep
theservicerateat theoutputelement.Notealsothat theeffect of finite buffers is not completely
clear. We assumethat a buffer of size Å (sameasin eachoutputof a memoryelement)is now
presentin eachof the input and output elementswith the samebuffer managementschemeto
controltheresiduesof scheduling.

Thetwo-phaseswitchedfair airportqueueingstructureis illustratedin Fig. 4.8.Thisapproach
canbeeasilyextendedto CIOQ-A thatshadowsa CIOQby maintainingthesamequeueingstruc-
ture as above. Similarly, it may be extendedto CIOQ-P and G-MSM switchesthat emulatea
CIOQ,andto equaldispatchbasedsystems,by usingthesameratesandweightson eachpathfor
aninput-outputpair. (An elaborationof theseextensionsis still in progress.)
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Providing QoSguaranteesfor the PPSarchitectureis more involved. Bandwidthguarantees
may be provided by usinga flow-basedPPS.However, the throughputaswell asthe fairnessin
the allocationof excessbandwidthis not comparableto an OQ switch. Presumably, a packet-
by-packet PPSmaybeusedwith equalor fractionaldispatchon a per flow basis,with eachcore
elementcontainingthesameoutputlink schedulerasthereferenceswitch,with thesameweights
for thesubflows(sinceeachcoreelementreceivesnomorethan Æ�Ç�È of theflow traffic). However,
this alsoneedsfurtherinvestigation.
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Chapter 5

Conclusions

We addressedtheproblemof building a high capacityQoS-capablepacket switchusingstagesof
lower capacitymemoryandspaceelements.Towardsthatendwe proposeda taxonomyof fully
connectedthree-stageswitchescalledBufferedClosswitches,andprovideda formal framework
to study their performance.Within this framework, we presentedalgorithmsthat provide func-
tional equivalencewith anidealreferenceswitchfor theaggregatedandpipelinedCIOQ,general
memory-space-memoryswitches,andthe parallelpacket switch architecture.To apply the QoS
methodologiesto multi-moduleswitches,we introducedtheswitchedfair airportalgorithm.

The following aresomeitems that needto be addressed.The SOQFalgorithmneedsto be
analyzed,and the relatedconjecturesproven. The work on PPSneedsfurther investigationto
boundthemis-sequencingandegressbuffersfor thefractionaldispatchalgorithm.Also, thework
on switchedfair airportis fairly nascentandneedsto beconcluded.

Wewould like to thankDenisKhotimsky andDimitrios Stiliadisfor severalproductivetechni-
caldiscussionson this subject,which allowedto crystallizesomeof theideaspresentedhere.
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Appendix A

Switching Primer

A.1 Properties of Circuit Switches

Circuit switchednetworks rely on dividing the physicalcommunicationmediainto synchronous
unitscalledchannels. For example,in timedivisionmultiplexed(TDM) networks,thetimeaxisof
atransmissionlink is dividedinto timeslots,while in wavelengthdivisionmultiplexed(WDM) and
frequency divisionmultiplexed(FDM) networks,achannelcorrespondsto acarrierwavelengthor
frequency, respectively. A circuit is establishedby pre-determiningthepathto betraversedthrough
thenetwork, andassigningchannels,if they areavailable,on thelinks thatcomprisethepath.The
allowed circuit bit rates,the framesizesto be transmittedin eachsynchronousunit, andcorre-
spondinglythesizeof theunit, aregovernedby digital transmissionstandards,suchasSDH and
SONET[16] for TDM networks.A circuit switchednodetransferstheframesthatarriveonagiven
channelof aninput link to a pre-configuredchannelof anoutputlink. Examplesof suchsystems
includeSONETswitchesthatemploy electroniccrossbars,andmorerecently, wavelengthrouters
basedon opticalcomponentssuchastunablelasersandMicro-Electro-Mechanical(MEMS) mir-
rors.

A contentionoccurswhenmorethanoneframearriveatagivenlink at thesameinstant.Since
channelsareallocatedon every network link of the end-to-endpathof a circuit, prior to frame
transmission,thereis no externalcontentionfor theoutputlink resourcesof a circuit switch,and
hencenoinherentnecessityfor buffers1 to absorbcontention.Consequently, theperformancemea-
suresof interestarerelatedonly to theadmissibilityof circuits,alsocalledcall-levelbehavior, and
therealizationof internalpaths,throughtheswitchingnode,for theadmittedcircuits.Theformer
is studiedusingso called lossmodels[61], which characterizecircuit acceptanceprobabilities,
basedon thegivenstatisticsof call arrivalsandholdingtimes.A celebratedexampleis theErlang
losssystemwhich hasbeenusedfor yearsto engineertelephony networks.Theissueof pathreal-
ization,on theotherhand,dealswith thearchitectureof theswitchingnodeitself. By definition,
a nodeachievesmaximumthroughputas long asa switchingpathcanbe establishedfor every
circuit thatis admissiblesolelyon thebasisof theavailablebandwidthof theexternallinks. Once
acircuit is admittedandapathis realized,theframe-level behavior, in termsof theobservedframe
bandwidthanddelays,is guaranteedwithoutadditionalmechanisms.

A bipartitemappingfrom theinput to theoutputlinks of a switch,duringa giventime unit, is

1A fixed amountof frame buffers may be usedto convert from onechannelto another, e.g., for interchanging
timeslots,anoperationcalledgrooming.
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referredto asa matching if eachinput is connectedto no morethanoneoutput,andvice-versa.
A switch is callednon-blocking if internalpathscanbesetup to satisfyany givenmatching.It is
saidto benon-blockingin thestrict senseif a pathcanbefoundbetweenanidle input-outputpair
withoutdisturbingtheonesthatsupportany existingmatching.If a re-arrangementof theexisting
pathsis necessaryandsufficient to supportthenew pair, theswitch is calledre-arrangeablynon-
blocking. All non-blockingswitchesare functionallyequivalentin termsof the matchingsthat
they canrealize. Note that while a matchingdeterminesthe input-outputpairs to be connected,
pathestablishmentwithin the switch determinesthe feasibility of the givenmatching. In circuit
switchednetworks,boththesequenceof matchingsandtheassociatedpathsaredeterminedat the
call-level, prior to actualframetransmission.

A trivial exampleof astrictly non-blockingÉËÊÍÌ switchingfabricis acrossbarthatemploysÉÏÎ�Ì electroniccrosspoints,configuredusingthecurrentmatching,in orderto connectÉ inputs
to Ì outputs.Thereis a uniquepath,betweenan input andanoutput,which is readilyavailable
whenbothareidle. Much of thework in circuit switching[29, 57] addressestheconstructionof
a bufferlessfabricusinganinter-connectionnetwork of smallercomponents,motivatedprimarily
by the fact that electroniccrosspointswereexpensive, andtheir numberin a crossbarincreases
quadraticallywith the size of the switch. Suchnetworks may have internal contentiondue to
commonalityin the internalpathsbetweeninput-outputpairs,andmayemploy internalspeedup
to counterblocking,which is definedastheratio of thetotal link bandwidthbetweentwo stages,
to the total externalbandwidth. Examplesof notableinter-connectionnetworks are the Banyan
networkandtheBatchersortingnetwork,whichrequireÐÍÑ�É,Ò�Ó´ÔbÉ/Õ and ÐÖÑ�É>Ò�Ó´Ô´×ØÉ/Õ crosspoints,
respectively. Boththesenetworksareself-routingwith auniquepathbetweenaninput-outputpair,
andhencedo not requirecentralizedpathset-up,however, the resultingstructureis blocking. A
popularexampleof a non-blockingnetwork, which we shallrevisit on severaloccasions,is the3-
stage(andrecursive)Closnetwork, which usesÐÍÑ�ÉÚÙ§Û ÜXÕ crosspoints.A morecomplex exampleis
a Cantornetwork, which usesÐÍÑ�É>Ò�Ó�Ô × É/Õ crosspointsandremainsnon-blockingby employing
several planesof a (blocking) sortingnetwork. Indeed,the literaturein the designof bufferless
inter-connectionnetworks is fairly rich, yet rigorousdueto thewell definedcostparametersand
performancemeasures,i.e., thenumberof crosspointsandblockingbehavior, respectively.

A.2 Packet Switch Design

Packet switchednetworksdo not rely on holdingdedicatedlink resourcesandon switchingpre-
establishedphysical layer circuits. Instead,the physicaland link layershave the flexibility to
employ eithersynchronousmeanssuchasSONET, or asynchronousonessuchasEthernet,on a
link-by-link basis.Theforwardingdecisionsateachpacketswitchednode,ontheend-to-endpath,
aremadeon a per-packet basis.A packet maytraversethroughmultiple nodesthatareconnected
to eachotherthroughheterogeneouslink layers,wherea logical link may itself be comprisedof
a physicalcircuit thatspansseveralcircuit switchednodes.In connection-orientednetworkssuch
asATM, thepacket2 headercontainsa virtual circuit (VC) identifier, which correspondsto a flow
andis usedto look up the path information,namely, the output interfaceto usefor forwarding,
aswell asotherserviceparameters,both of which are setup during a signalingphaseprior to
datatransmission.Alternatively, in connectionlessnetworkssuchasIP, thenetwork layeraddress

2In ATM, thisis actuallyreferredto asacell. However, wewill continueto referto all forwardedunitsas“packets”,
andreserve theterm“cell” for the internal fixedsizeunit which is switched.
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in thepacket headeris usedto look up a routing table,which maintainsreachabilityinformation
usinga concurrentcontrolplane.Flows areidentifiedby a headerfilter, which maybeconfigured
usinga signalingphase(e.g.,as in RSVP[74]) or throughservicelevel agreements(SLA), and
maycorrespondto rangesof sourceanddestinationaddresses,protocoltypes,and/orapplication
portnumbers.In eitherkind of network, aflow maybefine-grained,suchasasingleVoIPsession
configuredvia RSVP, or coarse-grainedsuchas a permanentATM VC providing connectivity
betweentwo IP subnets.The aggregatetraffic betweenthe input-outputpairs of a switch may
be consideredasthe flows with thecoarsestgranularity, asseenby that switch. Sincededicated
resourcesneednot be held for theentirelifetime of a flow, packet switchednetworks, in theory,
providebetterutilizationdueto statisticalmultiplexing of thelink resources.

The foremostdistinguishingfeatureof a packet switch is the inherentpresenceof external
contentionfor theoutputlink, i.e.,severalpacketsdestinedto thesameoutputmayarrivesimulta-
neously. Thisphenomenoncanbesustainedoveranarbitraryperiodof time,resultingin abacklog
of unserved packets inside the switch, which needsto be buffered. An arriving packet may be
droppedin responseto congestionin thefinite amountof availablebuffers,yielding a packet loss
ratio for theflow. Theadmittedbacklogis thenscheduledin a chosenfashion,which determines
thepacket delaysandtheobservedflow servicerates.

The traffic presentedto a typical packet switch consistsof a combinationof guaranteedQoS
flows, for which the traffic profilesandservicerequirements,suchasdesiredaveragebandwidth
andpacket delaybound,areknown in advance,andbesteffort flows without any pre-specified
profileor requirements.GuaranteedQoSflowsundergoacall admissioncontrol(CAC) procedure
duringthesignalingphase.Thisprocedureusestheprofile (e.g.,a leaky bucketspecification[18])
of theflow andtheservicerequirements,in orderto ascertainif theswitchhasenoughresources,in
thelongerterm,to meetthosespecifications.If successful,effectivebandwidthandbuffer sizeval-
uesarecalculated,whicharethenusedto programtheschedulingandbuffer managementschemes
within the switch so that the agreeduponrequirementsmaybe honored.In addition,policersat
theinputsof theswitchensurethatthetraffic sourcesadhereto theadvertisedprofiles.Often,the
flows areallowedto violate their profiles,however, theexcesscomponentof the traffic is treated
onabesteffort basis.While lossmodels[61], similar to theonesin circuit switching,maybeused
to studythecall-level behavior of theguaranteedQoSflows, andhenceto engineerthenetwork,
it is ultimatelytheschedulingandbuffer managementpolicies,i.e., thepacket-levelbehavior, that
governthefeasibilityof thelongertermcall admission,andtherebytheQoScapabilityof thecho-
senswitch.Ontheotherhand,besteffort flows,whichcomprisethemajorityof theInternettraffic
today, do not undergo similar CAC proceduresor conventionallossmodelsfor network engineer-
ing. Instead,empiricalstudies[58, 4] areusedto characterizethestatisticalnatureof theflows in
the chosennetwork segments,which thenyield the expectedamountof effective bandwidthand
buffersrequiredto accommodatethemin thenetwork nodes,andtherebyto engineerthenetwork.
Consequently, theperformancemeasuresof interestfor thebesteffort traffic arerelatedmainly to
optimality in packet throughput.

In summary, the primary goalsin the designof a packet switchednodeis to sustainoptimal
throughput(givena definitionof optimality) andto provide preferentialtreatment,in theform of
schedulingandbuffer management,to specifiedflows, in thepresenceof externaland(possibly)
internalcontention.
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Appendix B

Scheduling and Buffer Management

B.1 Link Scheduling

Consideran OQ switch, composedof a single É ÊÝÉ memoryelement. To enablebandwidth,
delay, andfairnessguarantees,packetsareenqueuedinto separateper-flow queuesat eachoutput,
andaredequeuedusingachosenschedulingpolicy. A flow maycorrespondto asingleend-to-end
connection,or to aggregatesof several (including best-effort) connections,dependingupon the
level at which the scheduleroperates.A simple instanceof a scheduleris the WeightedRound
Robin (WRR) [38] poller, in which eachflow is guaranteeda bandwidththat is proportionalto
its weight,andexperiencesa worst-caselatency equalto thesizeof theWRR frame.Guaranteed
bandwidthaswell asfairnessarelinkedto thesameweight.A popularvariantwhichaccountsfor
variablepacket sizesis theDeficit RoundRobin[62] policy.

A classicalrate-basedscheme,which provideda framework for perfectisolation,is thefluid-
modelGeneralizedProcessorSharing(GPS)[56] scheme.Eachflow Þ is associatedwith a rate ß ½ ,
andreceivesaninstantaneousservicerateproportionalto thatrate,whenever it is backlogged.The
scheduleroperatesin a work conservingfashion,andconsequently, theflow rateis guaranteedas
long asthesumof theratesis lessthanthe link capacityà . Dueto therateproportionalservice
model, if two flows Þ and á are continuouslybackloggedin an interval Ñ�â Ù]ã â × Õ , the amountof
servicereceivedby theflowsarerelatedasä ½ Ñ�â Ù]ã â × Õ¥Ç$ß ½æå ä ¿ Ñ�â ÙXã â × Õ¥Ç$ß ¿
TheGPSschedulerhasseveralinterestingproperties.Firstly, asseenfrom theaboveequation,the
normalizedservicereceivedby eachflow is equalateveryinstant.Therefore,theexcessbandwidth
is alsodistributedin proportionto theflow rates,leadingto oneof thefirst formal definitionsof
servicefairnessasthe worst-casedifference(betweenany two backloggedflows) in normalized
servicereceived. Secondly, if Å�Ñ�âªÕ is the set of backloggedflows at time â , the instantaneous
servicerate observed by a non-emptyqueue Þ is equal to ß ½ Îçà�Çbè ¿Xé)ê Á¹ëìÄ ß ¿ . That is, the flow
receives isolatedbandwidthat every instant,or with zero latency. Thirdly, the observed delay
dependsonly upontheflow’s own arrival process,asshown in B.1. For example,if theflow Þ is
leaky bucket constrained[18] with abucketsizeof í ½ , thedelayis boundedby í ½ Ç$ß ½ .

Thepacketizedversionof GPS,calledWeightedFair Queueing(WFQ) [20], worksby essen-
tially simulatinga fluid systemby keepingtrackof thenormalizedwork done,alsocalledvirtual
time îïÑGâªÕ at every timeslot.Notethat,in GPS,îI¼�ÑGâªÕ å à�Ç è ½�éQê Á=ëìÄ ß ½ . On arrival, the ð th packet of
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FigureB.1: GPS:DelaysandBacklog

flow Þ with length ñGò½ is time-stampedusingits finishingvirtual time ó+ò½ , which is computedas:ó ò½ å ñ ò½ Ç$ß ½õôÝöÖ÷lø Ñ�îïÑ�âªÕ ã ó òúù Ù½ Õ
This policy simulatesGPSwith an addedlatency of Ñ�û ½ Çlß ½�ô û#ü�ý�þQÇ$àÿÕ . Several of the subse-
quentpacket-basedschedulingalgorithmsproposedthe useof approximationsof îïÑ�âªÕ that were
easierto compute,but yieldeddifferentdelayboundsandservicefairness.For example,in Virtual
Clock [73], îïÑ�âªÕ is set to real time â , which leadsto delayboundscomparableto WFQ but un-
boundedservicefairness.In Self-ClockedFair Queueing(SCFQ)[26], thevirtual timeis setto the
timestampof thecurrentlyservedpacket,yielding thebestfairnesspropertiesamongGPS-related
schedulers,but a delayboundwhich is ÐÍÑ�� Õ , where � is thenumberof flows. A generalmodel
for packet-basedschedulers,calledrateproportional[64] servers,waslaterdevisedshowing that
any schemein which îïÑ�âªÕ grows atleastas fastas real time, but alwaysunder-estimatesit with
respectto a GPSserver, hasthesameaddedlatency asWFQ,with theservicefairnessdependent
only on theextentof under-estimation.Examplesof suchschemesincludetheVirtual Clock and
Frame-BasedFair Queueing(FFQ)[65].

Thenotionof worst-casefairnesswasintroducedin [2], especiallysuitedfor hierarchical[3]
(seeFig.B.2(a))anddistributedschedulers,andwasdefinedastheworst-caseinter-servicetime. It
wasshownthattheaddedlatency observedbyapacketis equalto thesumof theworst-casefairness
indicesof theintermediatenodes.In contrastto all theabove schemesin which fairnessis tied to
theassociatedrate,theFair Airport [27] algorithmallowedto decoupletheschedulerinto a non-
work-conservingguaranteedbandwidthscheduler(GBS) (e.g., shapedVirtual Clock) to ensure
ratesanddelays,andawork conservingexcessbandwidthscheduler(EBS)(e.g.,WRR) asshown
in Fig.B.2(b).For thepurposesof thiswork, wewill assumetheexistenceof animplementable[9]
link schedulingschemewhich providesa methodto isolatebandwidthon a specifiedtime-scale,
andto distributeexcessbandwidthaccordingto pre-specifiedweights. The mostrecentwork in
link schedulingis primarily focusedon thestatisticalcharacterizationof GPS-basedandEarliest
DeadlineFirst (EDF) schedulers,aswell asmorecomplicatedservicecurves,andis beyond the
scopeof this work.
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B.2 Buffer Management

The work on schedulingand arbitrationalgorithmsfocus on the finite bandwidthresourceat a
contentionpoint, assumingessentiallyan infinite attachedmemoryso that bandwidthisolation,
inter-queuefairnessand overall throughputdependssolely on thosealgorithms. Given a finite
buffer resourcein amemoryelement,wemayview buffer managementasamechanismto control
theresidueof schedulingto enableunhinderedperformanceof theabovebandwidthschedulers,by
selectively admittingpacketsinto thefinite memory. Therefore,weidentify three,oftenconflicting
goals: (i) to provide isolationto guaranteedQoSflows; (ii) to allow fair accessto the available
buffers, in orderto supportfair scheduling;and(iii) to maintainhigh throughputby sharingthe
availablebuffersamongtheservedflows. Muchliketheliteratureonscheduling,theprimaryfocus
hasbeenonOQ switches,andtheapplicationto otherswitchdesignsis still immature.

Thenotionof isolation,in thecontext of buffers,is well defined.Givenatraffic profile,whichis
readilyavailablefor guaranteedQoSflows,andaservicerate,abuffer size

� ½ maybecalculatedfor
eitherzerolossfor regulatedtraffic (e.g., í ½ plustheschedulerlatency for a leaky-bucketregulated
sourceservedby a virtual bandwidthtrunk with servicerateequalto thetokenrate)or a specified
lossratio for statisticaltraffic (e.g.,usingthe tail of thedistribution of a queue).Oncethesizeis
computed,it canbetotally isolatedby usingthecompletepartitioning [32] scheme,in which

� ½ is
dedicatedto flow Þ with è ½ � ½�� Å , the total buffer size. A packet which causesa queuelength
to exceedthis sizeis droppedon arrival. This is a specialcaseof static thresholding[24, 47], in
which thesumof sizesmaybeallowedto exceedthe total buffer size. While the latterdoesnot
provideperfectisolation,it allows to sharethebuffers(in a limited way)by utilizing aknowledge
of theinter-dependenciesof arrival processes.

While theconceptof fairnessis well establishedfor link schedulers,thesamecannotbesaidfor
fair allocationof buffersto storetheresidueof theexcess-bandwidthtraffic servedby ascheduler,
dueto alackof arrival traffic characterization.Consequently, anequalaccessto thebuffersis often
consideredfair, andmay be achieved by staticthresholding.However, the throughputdecreases
with respectto the casewheneachflow hasfull accessto the availablememory. The dynamic
thresholdingscheme[15] aimsto equalizethequeuelengths,while increasingthethroughputby
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dynamicallychangingtheallocation,sothatthetotal queuelengthmayalwaysapproachthetotal
buffer size.Thethresholdis calculatedas � timesthecurrentfreespace,andweightedaccessmay
beofferedby choosingdifferentvaluesof � .

In contrastto the above schemes,all of which are arrival-drop policies, the push-out[25]
schemeallows to maintainfull buffer occupancy, andhencethe highestthroughputfor a givenÅ , with exactly equalallocationsto eachbackloggedflow. This is achieved by expelling an al-
readyenqueuedpacket from the queuewith the longestlength. The choiceof the packet within
thelongestqueueis flexible, e.g.,in [67], it is suggestedthatdroppingtheheadpacket is themost
beneficialfor TCPflows. In fact,dynamicthresholdingmaybeconsideredasanarrival-dropap-
proximationof push-out.Anotherattractivepropertyof push-outschemesis thateventheportion
of memoryproviding isolatedallocationsmay be completelyshared,by slightly modifying the
push-outcriterion. Whenthebuffer is full, a packet is expelledfrom a queue,whoselengthis the
greatestoveraspecifiedthreshold.Inspiteof suchproperties,push-outis difficult to implementat
wire speeds,sinceit requiresthemaintenanceof sortedqueuelengthsandanextramemoryaccess.
Thedynamicpartitioningscheme[45], canindeedbeconsideredasanarrival-dropapproximation
of push-outwith thresholds.

Thereareseveralschemesthatenforceintra-queuefairness,in which a singleFIFO queueis
composedof packetsbelongingto several best-effort flows. By essentiallyregulating the entry
of packetsbelongingto differentflows into the samequeue,suchschemesalsomay be viewed
assingle-FIFOschedulingschemesasthey control thefractionof thetotal queuebandwidththat
eachflow receives. Popularexamplesare RandomEarly Detection(RED) [23] and its several
subsequentvariants,aswell astherecentAQM schemes.In our framework, if severalflows share
thesamequeue,weassumethatsomesuchalgorithmis alsopresent,in additionto theinter-queue
schemesof our interest,andweshallnotelaborateon theireffects.
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Appendix C

Proofs of Theorems

C.1 Single-Path Switches

Theorem 1

(CIOQ-A, � Maximal Size� ) � ¾ Â
	� (OQ, � WC � ), � å�

Proof: Let Þ ã á beaninput andoutputelement(not interface),respectively. Let ������� betherate
matrixof theswitch.Since,for � × , weassumethattheratesareadmissible,weknow that� Þ�� ¿ � ½�¾ ¿�� Æ ã � á�� ½ � ½�¾ ¿�� Æ��
Composeanaggregateratematrix ���� � � , whichaddsuptheratesoneachinputandoutputelement
asfollows: � Þ ã á � �½�¾ ¿ å ò�� �! ½�ò#" � ! Á ½ ù Ù Ä%$ Ù

& � � ! ¿�& " � ! Á ¿ ù Ù Ä%$ Ù � ò ¾ &
Due to theadmissibilityof theoriginal ratematrix, andthesummationabove, we caneasilysee
that � Þ�� ¿ � �½�¾ ¿ � É³Ç(' ã � á�� ½ � �½�¾ ¿ � É³Ç(')�
If we re-normalizetime so that eachtimeslot now is Ù�+* � times the external timeslot, then the
ratesbecomeadmissiblefor the smallertimeslot(fastertime). Consequently, accordingto [19],
a maximalsizematchingalgorithmwith a speedupof 2 is sufficient to ensurethestability of the
queuesin the system.Sincethe spaceelementoperatesat a frequency of �QÉ³Ç(' , it follows that� å�
 is sufficient for functionalequivalenceat level � × .
Theorem 4

(CIOQ-P, � EqualDispatch,Maximal Size� ) � ¾ Â 	� (OQ, � WC � ), � å,

Proof: Let Þ ã á bean input andoutputinterface,respectively. Let �+�-��� betheratematrix of the
switch,whoseadmissibilityleadsto� Þ � ¿ � ½�¾ ¿�� Æ ã � á � ½ � ½�¾ ¿�� Æ��
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Let �æÁ ò Ä½�¾ ¿ betheaveragearrival rateinto theper-pathVOQ »�Á ò Ä½�¾ ¿ . Sinceaninput-outputtraffic flow
is distributedequallyamongall theper-pathVOQsfor thatpair, wehave

� ð ./ 0 � Þ � ¿ �æÁ ò Ä½�¾ ¿ � Æ�Ç$È ã � á � ½ �æÁ ò Ä½�¾ ¿ � Æ�Ç�È1��2 34
Were-normalizetimesothateachtimeslotis now È timestheexternaltimeslot.Dueto theabove
inequality, the ratescontinueto remainadmissible,anda maximalsizematchingalgorithm[19]
with a speedupof 2 on thelargertimeslotis sufficient to ensurethestability of eachof theVOQs
for eachof thepath.Sinceeachspaceelementoperatesatafrequency of �lÇ$È , it followsthat � å�

is sufficient to ensurerelativestabilitywith anOQswitchfor admissiblerates.

C.2 Multi-path Switches

Theorem 9

(PPS,� FractionalDispatch� ) � ¾ Â65� (OQ, � WC � ), 7 å98 Ì,Ì,Ì;: ã �=<?>A@ *6BDC@ *6B
Proof: By thedefinitionof thefractionaldispatchalgorithm,theaverageratefor an input-output
pair Ñ�Þ ã áEÕ in coreelementð is givenby:

� Á ò Ä½�¾ ¿ � ÆE @ BGF � ½�¾ ¿
Consequently, thetotal traffic destinedto anoutputá , which is stablein areferenceOQswitchcan
becalculatedasfollows:

� ½ �æÁ ò Ä½�¾ ¿ � ÆE @ B F � ½ � ½�¾ ¿� HE @ B F � ß
Therefore,theoutput á in eachcoreelementð is alsostable,therebyestablishingrelativestability
in thestrict sense.Note that theproof continuesto hold whenthe traffic to the input-outputpairÑ�Þ ã áEÕ is lessthan À ½�¾ ¿ H , in which casethesamefor eachcoreelementbecomeslessthan À ½�¾ ¿ ß . In
otherwords,thefractionaldispatchalgorithmis alsosufficient for relativestability in thestrictest
sense.
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