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Abstract

Thereis awidespreadnterestin switchingarchitectureshatcanscalein capacitywith increasing
interfacetransmissiorratesand higher port counts. Furthermore paclket switchesthat provide
Quality of Service(QoS),suchasbandwidthand delayguaranteeso the sened usertraffic are
alsohighly desired.This reportaddressethe issueof constructinga high-capacityQoS-capable,
multi-moduleswitchingnode.

Outputqueuedswitchesprovide the bestperformancen termsof throughputaswell asQoS
but do not scale.Input queuedswitchespnthe otherhand,requirecomplex arbitrationprocedures
to achieve the saméevel of performanceWe enumerateéhe designconstraintsn theconstruction
of a paclet switch andpresentseveral approacheso build a systemcomposedf lowercapacity
memoryand spaceelementsand analyzetheir performance.Towardsthis goal, we establisha
new taxonomyfor a classof switcheswhich we call BufferedClosswitchesandpresentaformal
framework for optimal paclet switchingperformancein termsof boththroughputandQosS.

Within the taxonomy we augmenthe existing combinedinput-outputqueueing(ClIOQ) sys-
temswith AggregationandPipeliningtechniquesFurthermorewe presenthedesignandanalysis
of anovel parallelpacletswitcharchitecture For theitemsin thetaxonomywe presentlgorithms
that provide optimal throughputandQoS,in accordancavith the above performancdramework.
While someof the presenteddeasarestill in the investigatve stage we believe that the current
stateof the work, especiallythe formal treatmentof switching,will be beneficialto the ongoing
researchn thefield.
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Chapter 1

| ntroduction

Thepastdecadénaswitnesseda manifoldincreasen thedemandor switcheshatemploy paclet-
basedforwarding. The networking protocolssupportedby thesesystemsvary from connection-
orientedto connectionles®nes,including AsynchronousrtransferMode (ATM), Multi-Protocol
Label Switching (MPLS) [60], the ubiquitousinternetProtocol(IP), and switchedEthernet. Ir-
respectre of the specific protocol supported theseswitchesconsistof a forwarding path that
transfersdataunits, calleda padcet in the genericsensefrom the input to the outputinterfaces,
optionally providing preferentialtreatment,or Quality of Service(QoS)guaranteesto specified
userflows.

Widespreacdonsumenndbusinessadoptionof thelnternet,togethemwith improvementsn the
physicallayertechnologieshasresultedin increasedlemandor paclet switcheswith very large
capacitiesin termsof boththenumberof supportednterfacesaswell astheinterfacetransmission
rates.For example,atypical IP routerin productiontodaysupportslOto 20 ports,eachat 10 Gb/s,
requiring a forwarding path capacityin the vicinity of 200 Gb/s. Since paclet sizeshave not
changedmateriallywith theincreasingates,assuminga worstcaseof 64-bytepaclets,therouter
alsorequiresa padet processingapacityof about20 million pacletspersecond.Thisrepresenat
leastatenfoldincreasan capacitiesincejust half a decadeago. Moreover, this trendis expected
to continuewith the anticipatedadoptionof 10-G Ethernetin the metropolitanareanetworks,and
0OC-192(10 Gh/s)and OC-768 (40 Gb/s) links in the long haul. This motivatesthe designof
switcharchitectureshatcanscalewith increasingatesandport counts.In generalanincreasen
thedesiredforwardingpathcapacityimposesiesignconstraintson the constructiorof the switch,
while the paclet processingapacityconstrainghe complexity of thealgorithmsthatoperateona
perpaclet basis.

As an orthogonaltrend, in an attemptto benefitfrom the efficienciesof a paclet-basecet-
work, traditionally circuit-switchednetwork operatorsare migrating towardsthe formerin order
to supportcustomerflowsthatrequireserviceguaranteesr QoS.Examplesof suchflows include
Voice-over-IP (VoIP) sessionspaclketizedVideo-on-DemandandMPLS Virtual PrivateNetwork
(VPN) tunnelswith guaranteedandwidthbetweeroffice locations.Theimplication of thistrend
for switch designis the needto implementschedulingand buffer managementechniquesn the
forwardingpaths,sothatthe specifiedservicerequirementsnay be met.

Thisreportaddresseboththeabove issuesandpresentsarchitecturesndalgorithmsthatcan
be usedto constructthe forwarding pathof a large-scalepaclet switch thatalsoguarantee§o0S
to the supportedflows. Towardsthis goal, we proposea new taxonomyfor a classof scalable
paclet switches togethermwith ananalyticalframewnork to characterizalifferentlevels of optimal



performancedor the algorithmsemployed within suchswitches. At presentsomeof the results
areataconjecturalkstage nonethelessye believe thatthe currentstateof the work, especiallythe
formal treatmenbf switching,will be beneficialto the ongoingresearchn switching.

1.1 Motivation

Thereis avastamountof prior work in the designandanalysisof circuit switches(see for exam-
ple,[29] for anoverview, andAppendixA for a primeronbasicswitchingconceptandcommonly
usedterms). Circuit switching hasbenefittedimmenselyfrom a well establishedoerformance
framework, namely differentlevels of blodking behaior, which characterizethe performanceof
agivendesignin isolationfrom thepropertieof specificcircuit arrival processesAll non-blocking
circuit switchesare functionallyequivalentin termsof the circuitsthatthey canadmit. This has
drivenmuchof thework in the constructiorof scalablecircuit switchesusinganinter-connection
network of smallercomponentsexamplesof which includethe Baryan, Benes,Clos and Cantor
networks.

Traditionalpaclket switchingtheoryhasborroved, often erroneouslymary of theterms,con-
structs,andperformanceaneasure$rom the former. However, paclet switchingis fundamentally
differentdueto the presenceof externallink contentionand buffersin the switch components.
Thereexists no uniform framework that characterizesptimal performancepr which providesa
notion of functionalequivalencewith anideal switch. Consequentlyseveralconflictingmeasures
have beenusedto claim optimality. For example,the term blocking, which is really a circuit
switching concept,hasbeenvariously usedto meaneithera blocking structure,or head-of-line
blocking, or non-work conserving. Someotherapproachesisethe notion of 100% throughput
(100%comparedo what?)to characterizeptimal performancewhile quite a few studya switch
designby computingthe lossratios, for the finite buffers within the switch, for specificarrival
processegmostlik ely an artifact of the arrivalsthemselesratherthanthat of the switch design).
In summaryaframeavork whichis ableto encompassptimalthroughputandQoSpropertiesof a
switchdesignwill be beneficiatowardsthework in complex scalablgpaclet switches.

The problemof scalingpaclet switchesby using multiple stagesof elementshasbeenad-
dressedn the past,andataxonomyof ATM switcharchitectureganbe foundin [57]. However,
mostof thework dealswith the constructiorof theinter-connectiometwork within theswitch,the
focusbeingsolely on the structuralblocking propertyof the network. Furtherstudies(e.g.,[7])
have characterizedhe throughputperformanceof a specificclassof Baryan-basedopologies.
Thoughsuchworks have enabledto implementpractical multi-stageswitches,providing func-
tional equivalencewith anideal switch remainsan opentopic of researctor mary of the simple
non-blockingnetworksaugmenteavith buffersatarbitrarypointswithin them. This reporttakesa
smallstepin thatdirection.

1.2 Our Contributions

We addressheproblemof constructingahigh capacitypaclet switch,usingstageof lowercapac-
ity memoryelementsandnon-blockingspaceelements.We restrictourselesto designshatare
structurallynon-blockingandresemblethe three-stageClos network, with the new performance
framework of functional equivalence. For switcheswith this structure,which we call Buffered



Closswitches we establisha taxonomyof designsdrivennot by the switch structurealonebut by
the methodologieemployedto overcomevariousdesignconstraints Eachitem in the taxonomy
is accompaniedby the constraintit resoles, so that switch implementoramay identify the most
appropriateoneto use.While someitemsin the classificationsuchasthe combinednput-output
gueueing(CIOQ) switch, arealreadyaddressedo a large extentin the recentliterature,the per
formanceframewnork andthe taxonomyitself arenovel. In additionto providing a road-mapto
constructscalableswitchesjt alsoallows to ascertairthe propertiesof existing vendorequipment
by inspectinghe structureandthe associate@lgorithmsfor functionalequialence.

Within the above taxonomy we also presentthe designandanalysisof CIOQ switcheswith
aggregation and pipelining, two crucial ingredientsto scaling. Thesefall into the cateyory of
single-pathbuffered Clos switches.Someexisting switchesappearsimilar to these hevertheless,
the presentedlgorithmsandanalyticaltreatmentrenovel. Furthermorewe proposeandanalyze
a new parallel paclet switch architecturewhich belongsto the multi-path category. Finally, we
proposea nev methodologyto enableQoS guarantee®y combiningcertainlevels of function
eguialencewith existing schedulingschemes.

1.2.1 Applicability and Scope

Thiswork is restrictedmainly to the treatmenof unicasttraffic flows. While the ability to handle
multicasttraffic is certainlyrelevantto paclket switching, we do not dealwith it in ary level of
detailin orderto keepthis work tractable For the samereasonwe alsodo notincludespecialized
nodealgorithmsthatmaybe usedto optimizethe performancef adaptve traffic. Ourassumption
is that the optimal throughputproperty by itself is beneficialto adaptve traffic, and any other
mechanismssuchasactive queuemanagementAQM) to enforcefairnessamongadaptve flows,
canbeaddednto thiswork without muchdifficulty. In addition,we donotaddressheend-to-end
network behaior, andnetwork engineeringlnstead we concentrat®n nodemechanismsvhose
suitability for end-to-endbehaior may be studiedindependently Finally, this work is agnostic
of the protocolprocessingpecificsandcontrol planehandling,e.g.,signalingthe QoSflows, and
routecontrol.

1.3 Outline of the Report

The remainderof this reportis organizedasfollows. Chapter2 introducesthe switchingmodel
includingthe componentsisedandmeaningfulnotionsof optimal performanceChapter3 covers
the relatedwork in switch designand provisionsfor QoS. Chapter4 containsour original con-
tributions, including the taxonomyof Buffered Clos switchesand the framewvork of functional
equivalence. It alsoincludesthe completedwork on aggreatedand pipelined CIOQ switches,
the parallel paclet switch architecture and our proposedQoS methodology Finally Chapter5
concludeghisreportwith anidentificationof relatedfuturework.



Chapter 2

Switching Framewor k

We now presenthe switchingframework, including somemeaningfulnotionsof optimal perfor
mance.We thenoverview the modelsfor theforwardingpathof a paclet switch,andtheir atomic
components.Then,we briefly introducethe outputqueuedandinput queuedswitchingmodels,
theformerrepresentingheidealreferenceswitchfor equivalencepurposes.

2.1 Notionsof Optimal Performance

A circuit requestbetweenan input-outputlink pair, in the context of circuit switching,is consid-

eredadmissibldf thereis capacityavailableonthespecifiedinks. A non-blockingswitchensures
thata pathwithin the switchis realizablefor every admissiblecircuit request Sincecircuit admis-

sibility ontheexternallinks constrainthe maximumpossiblecircuit throughputwe mayasserthe

following:

Proposition 1 Thenon-bloking propertyis necessanandsuficientto ensue optimalthroughput
of a circuit switchednode

Similarly, in the contet of paclet switching,a flow betweenan input-outputlink pair with a
given effective bandwidthis considerecadmissibleif the bandwidthis available on the specified
links. The successfuadmissionof this flow dependsolely on the existenceof a switchingpath,
with the saidbandwidth(andassociateduffers) availablethroughouthe path. In otherwords, if
theflow bandwidthcanbeaccommodatedntheinputandoutputlinks of theswitch, thisexistence
ensureshatthesamecanbeaccommodatethroughputheswitchingpath.By definition,sincethe
externallinks imposea physicallimit on thetotal amountof flow bandwidththatcanbe admitted
into theswitchandconsequenthany notionof anoptimalsetof flows, by recognizinghe analogy
with circuit switchednodeswe mayasserthefollowing (without analyticalproof):

Proposition 2 A padet switch designwhich is structurallyequialentto a non-bloking circuit
switdh is necessaryand suficientto admitan optimal setof flowswith bandwidthrequirements.

The sufficiengy assumeghat the schedulingand buffer managemenschemesan guarantee
theallocationsjtself anon-trivial task.We will referto suchswitchesasstructurally non-bloding
pacletswitchesandtheactof allocatingbandwidthandbuffer resourceshroughoutheswitching
pathasflowfitting. Sincemuchof the earlywork wasbasedon ATM switcheswhereinthe entire
traffic undegoesCAC andall theflow specificationgreknown prior to actualpaclettransmission,
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theability to fit (andschedulejlowswastheprimaryobjective,leadingto vendorclaimsof optimal
performancebasedonly on the non-blockingproperty Eventhoughthis may constitutethe first
stepin paclet switch designby enablingflow fitting, ensuringa non-blockingstructurecannotbe
equatedo providing optimalthroughput.

Limited by the physicalconstraintsof the input and outputlinks, maximumpaclet-switched
throughputmay be achieved aslong as an outputlink of the switch never idles when a paclet
destinedo it is backloggedanywherewithin the switch. Switcheswith this propertyarereferred
to aswork conservinganda given switch designis considereddeal (in throughput)if it satisfies
this property If it is difficult or impossibleto prove this property one may justifiably claim op-
timality by proving a functionalequivalencewith a well known ideal switch. Similar to the case
of circuit switch design,wherethe non-blockingpropertyensuredunctionalequialencewith a
well known optimal switch (e.g.,a single-stagerossbar)anunambiguougramework is required
to characterizéunctionalequivalenceof paclet switchdesigns.

Proposition 3 A padet switch which is functionally equivalentto a well knownideal switch is
optimalin throughput.

We canidentify a few approacheso functionalequvalence ,which addresgshe construction
of a switchratherthanthe specificsof the arrival traffic proccesesThefirst relieson construct-
ing a switchingfabric S; in sucha mannerthat the pacletsdepartfrom the outputsin an exact
emulationof the departurefrom a well known ideal switch S, of the samedimensionsfor any
traffic pattern.The secondapproachrelaxesthe constraintof exactemulationandinsteadborrovs
from the concepiof stability of queueingsystemg55]. A switchwith a setof queuess saidto be
absolutelystableif the expectedqueueoccupanciesirefinite. Clearly absolutestability depends
on the characteristicef the arrival processn additionto the designof the switch. Therefore we
referto afabric S; asrelativelystablewith respecto S, if it is stablefor a broadclassof arrival
processe$or which the latteris alsostable. We may referto S; asrelatively stablein the strict
sensdf the subsetof queueshat are stablein the referenceswitch remainsoin Sy, underary
arrival pattern.Thestrict senseropertyallowsto considettraffic patternghatcanleadto (partial)
instability in theideal switch,andto handleit in the samemannerasthelatter Thefinal approach
further relaxesthe stability constraintby relying on a prior knowledgeof flow rates. If the rates
of all the flows (the actualofferedrates,not the rate requirementsjraversingthe switch canbe
pre-computedpptimal throughputis achieved just by the ability to fit flows, i.e., the structural
non-blockingproperty

To summarizethestructuralnon-blockingproperty alongwith theappropriateschedulingand
buffer managemenpolicies,providesthe framewvork for QoSin a paclet switch,andafunctional
eguialencewith an ideal switch providesthe framewvork for throughputperformance.Optimal
paclet switching performancemay be achieved by the simultaneoussatistiction of both of the
above.

2.2 Forwarding Models

The first generatiorrouters,and mary of the currentlower speedones,perform software-based
paclet forwarding. A generalpurposeCPU is connectedo multiple line cardsthroughan I/O

bus, asshavn in Fig. 2.1(a). The cardsperformthe physicalandlink layer protocolprocessing
andforward the incomingpacletsto the CPU, wherethe paclet headeris analyzedo determine
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Figure2.1: Forwardingmodels:(a) CentralizedCPU, (b) Cut-through

the outgoinginterfaceandary specialhandling,if applicable.Buffers aredistributedamongthe
line cardsand the CPU memory to accountfor the output, I/O bus and CPU contention. The
disadwantageof this modelis that the limited communicatiorbandwidthof the I/O bus andthe
software module on the CPU presentsignificantbottlenecksto paclket throughput,and thereby
limit the port countsandtheinterfaceratesthatcanbe supportedFor example,a16 x 16 switch,
with 1 Gb/sports,requires(i) a processingapabilityof 32 million (64-byte)pacletspersecond,
which translatego an upperboundof 32 (instructionsplus memory)cyclesof a 1 GHz CPU; (ii)
an /O bandwidthof 32 Gb/s,comparedo the 8 Gb/savailable usingthe latest64-bit 133 MHz
PClI bus;and(iii) a memorybandwidthof 32 Gb/s,allowing merely16 nsfor a memorytransfer
evenassuminga total buswidth of 64 bytes.Clearly, thesearetall ordersevenfor the moderately
sizedswitch of the example. Consequentlythe pathtraversedby the paclet throughthe central
CPUis referredto asthe slow path

Modern designsusethe cut-throughmodelillustratedin Fig. 2.1(b). The incoming paclets
undego headelprocessingn the port processorcardsattachedo eachinterface,andaredirectly
routedthroughthe switch fabric, or the fast path, to the correspondingoutputinterfaces. The
centralCPU s connected/ia a specialswitch port. Only the controltraffic is routedto the CPU,
which maintaingthe overall stateof the switchandprogramghe cards.In additionto the physical
andlink layer processingthe component®n the cardsareresponsibldor addresdookup, flow
filtering, policing, statisticscollection and other protocol specifictasks,and for appendingthe
resultsof thoseoperationsnto a speciallocal header For the above example,this modelrequires
a processingapabilityof 2 million pacletspersecondn eachcard,a switchingfabricaggreate
capacityof 16 Gb/s,and a memorybandwidththat dependson the switch design,but no more
than32 Gb/s. CommunicationC vendorsalreadyoffer network processorshatimplementthose
component siliconatinterfaceratesof 10 Gb/s,processingapabilitiesof 20-30million paclets
persecondandswitchingfabricsthatsupportupto 160Gb/s.
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2.3 Basic Switching Elements. Building Blocks

A fabric may be constructedusing one or more instancef basicforwarding elementsof two
types: the memoryelementand the spaceelement An N x M memory element,shovn in
Fig. 2.2(a),acceptyacketsfrom the N inputinterfacesandenqueuesheminto oneor more(in
thecaseof multicast)queueswhich arearrangednto groups,onefor eachof the M outputs.Note
thatthe queueseednot be physicallyseparaten memory andmay indeedsharepaclet buffers
from a commonpool. The structureof agroupmay be assimpleasa singleoutputqueueperin-
terface,or mayallow groupingpacletson the basisof severalcriteriasuchasinputinterface flow
identity, and priority, in orderto facilitate preferentialtreatment. A buffer managemenitogic is
responsibldor admittingpacletsinto the queueswhile a scheduletogic at eachoutputinterface
dictatesthe outgoingpaclet rate andthe relative orderof the paclets. The latter may vary from
afirst-in first-out (FIFO) policy actingon a singleoutputqueue,or a sophisticatedveightedfair
gueueing(WFQ) policy actingon perflow queues.Givenaninterfacerateof C anda minimum
paclet sizeof L, the elementneedsa memorybandwidthof (V + 1)C at eachof the outputsto
accommodateV simultaneougnqueueperationgfrom the N inputs)anda singledequeuep-
eration. At the sametime, the schedulefogic needgo dequeueat a frequeng of C'/L to sustain
the outputinterfacerate. Hence,the dimensionsandthe ratesthat canbe supportedby a single
memoryelementis limited by the available memorybandwidth,while the interfaceratesalong
with the smallestpaclet sizelimits the compleity of the scheduler Memory elementsavailable
todayoperaten theorderof tensof Gb/s.

A spaceelement,shavn in Fig. 2.2(b),is composef a bufferlesscross-connectandan ar
biter (possiblydistributed)thatis responsibldor configuringthe inputsandoutputsinto a match-
ing. Paclketson theinputinterfacesaresegmentednto equalsizedcells, if necessaryandin each



synchronousime unit of the elementcalledatimeslot a singlecell is transferedrom the inputs
to the outputs,configuredby the matching. The sggmentationandre-assemblyf pacletsis not
the responsibilityof the element,andis typically implementedn one of the component®f the
line cards.Thematchingis re-computecht everytimeslot,andthereforethearbitrationlogic needs
to operateat a frequeny of C'/L, while the compleity of thelogic is determinedby the size of
the element.While it is the frequeny andcompleity of arbitrationthat eventuallylimits the di-
mension®f asingleelementwe shouldnotethatthe chip sizeandtheunderlyingtechnologyalso
affectsthe interfacecountsandratesthatmay be supported.Electroniccrossbarsvailabletoday
arecapableof interfaceratesin the orderof 1-10Gb/s,with port countsin the orderof 20-30,and
canbere-configuredn lessthan 100 nstherebyproviding a very smalltimeslot. Optical compo-
nentssuchaswavelengthrouters[71] cansupporta significantlyhigherinterfacerate,limited only
by the optical physicallayer. However, suchcomponentgsreexpensve, the port countssupported
by the currentlyavailableonesarelower, andmostsignificantly the re-configuratiortimesarein
theorderof afew us, thusproviding avery coarse-graitimeslot.

Note that we considerthe basicelementsaslogical entities,i.e., asblack boxes. Theimple-
mentationof amemoryelemensubsumetheexistingwork on differentinternallogic thatmaybe
employedto exhibit the behaior describedabove. Similarly, the techniquegrom circuit switch-
ing maybe usedto constructa large non-blockinginter-connectiometwork thatemulatesa single
N x M logical element.

2.4 Common Existing Solutions

A paclet switch that employs the cut-throughforwardingmodel, with a single memoryelement
for the switchfabricis referredto asanoutputqueued OQ) switch. Several of the early switches
usedthisdesignanoverviewn of which canbefoundin [69], in which afew alternatve approaches
wereusedto designthe (N + 1)C capacityqueueindogic. For example,the Preludeswitch[21]
usesa sharedtimeslot exchangerto realize output queueing whereasthe knockout switch [72]
usesN parallelsharedbusesfor the samepurpose. While the implementationof the queueing
logic is beyond our considerationjt sufficesto note that pure outputqueueddesignsare rarely
usedin currenthigh speedswitchesdueto the significantmemorybandwidthbottleneck.Output
gueueingmay alsobe emulatedby physicallygroupingqueueson the basisof input-outputpairs,
andeitherproviding N - M disjointpathsbetweerthe N inputsandM outputsto form abus-matrix
switch, or by placingthosequeuesat the crosspointof an N x M crossbar While both these
approacheseducethe memorybandwidthrequiremento 2C', the chip sizeimposesa restriction
onits dimensions.

Assumingthat the port processor@and the queueinglogic operateat (interface)wire speed,
an outputqueuedswitch doesnot suffer from ary internal contention,and hencehasthe ability
to be work conserving. Furthermore since paclets are directly presentedo the outputqueues
without ary intermediatadelay the flow ratesandpaclet delayscanbe tightly, controlledby the
outputschedulerConsequentlygiventherequirednterfacecountsandrates ahypotheticabutput
gueuedswitch of thosedimensionsmay be consideredinideal referenceswitchfor performance
comparisons.

In contrasto theabove, aninput queued1Q) switch concentratesll the paclet buffersat the
inputinterfacesof thesystem.Theswitchfabricconsistof asinglelogical N x M spaceslement,
with NV (1 x 1) memoryelementsonnectingeachof theinputinterfacesto theinput portsof the



spaceelement.Thelattermaybe collocatedwithin the port processingardsof the switch. Notice
thatsucha designsuffersfrom internalcontentionat theinputs,i.e., the memoryelementsio not
functionin a work conservingnannerandaredriven by the sequenc®f matchingscomputedoy
the arbiterof the spaceelement.Therefore while the maximummemorybandwidthrequiredfor
aninput queuedswitchis 2C' irrespectve of port count,complex arbitrationpoliciesarerequired
to achieve functionalequivalencewith areferencadeal switch. This hasbeenoneof the primary
subjectf paclet switchingresearchn therecentpast,andnotableresultswill bereviewedin the
next chapter



Chapter 3
Related Work

We now review specificpartsof the literaturethat relateto this work. First, we shov how to
construcia Closnetwork, in thecontext of circuit switching,anddiscussts applicabilityto paclet
switches.Next, we outline someof the recentresultsin 1Q and CIOQ switches which form the
startingpoint of our taxonomy Finally, we review the work on QoS methodologiedor paclet
switches.

3.1 ClosNetwork

The Clos network is the simplestthree-stag@on-blockingarrangementgcomposedf spaceele-
mentsin eachstage.While it wasfirst introducedandanalyzedn the 1950s,it remainsrelevant
to this date,andwe borrow this overview from Pattavina’s morerecentwork [57]. As shavn in

Fig. 3.1,an N x N switchis composedf threefully connectedstageswhereeachlink hasthe
samecapacity The first stageis composedf M instancesof N/M x K non-blockingspace
elements.Theseare inter-connectedo the third stagecomposedf M instanceof K x N/M

elementsusing K elementof size M x M in the centralstage.The network is non-blockingin

the strict sensdf andonly if K > (2N/M — 1) (Clostheorem).The speedupequiredbetween
the first andsecondstagescanbe easilycalculatedas(2 — M/N). Providedthe above condition
is satisfied,given an idle input-outputpair, a greedyalgorithm which visits eachof the central
elements guaranteedo find a pathin O(N/M) time.

The network is re-arrangeablyon-blockingif andonly if K > N/M (Slepian-Duguidheo-
rem), andthe re-arrangementsecessaryo realizea pathfor anidle pair canbefoundin O(M?)
time (a consequencef Paull theorem). The minimum numberof crosspointsn the network is
O(N'%) which resultswhen M = v/2N. Noticethatno speedups requiredif re-arrangemeris
allowed. Theresultscontinueto hold whenwe aggregatethelinks (in andout) of a spaceslement
to asinglefasterphysicallink. Specifically thisimpliesthat N/M simultaneousnatchingsonthe
(aggrgated)input-outputpairscanbe partitionedinto K concurrentmatchingson the (pipelined)
centralstage. In otherwords, the fan-in andfan-outof the spaceelementamay interchangeably
bein spaceor time. Strict-sensaon-blockingrefersto the casewhenthe existing partitionsmay
notbetouchedo admita new entry, while are-arrangemenefersto theability to re-computehe
partitionson every circuit admission.

An interestingaspecif the above propertiess that similar resultscanbe obtainedwhenthe
guantitiesbeingfitted onthelinks areary additive scalarsLet the capacityof eachlink in Fig. 3.1
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Figure3.1: An N x N ClosNetwork

be normalizedto 1 unit, andlet the quantitiesto be fitted on an input-outputpair vary within
[bmin, bmax)- A quantityd is admissiblefor the pair (4, ) if bothinput: andoutput;j have current
allocationsthatdo notexceed(1 — b). We canprove thata pathcanbe realizedfor anadmissible
guantityaslong asthe following conditionholds[54]:

(N/M) - bmax
1
1- bmax + bmin *

=

This reducesto the Clos theoremwhen all quantitiesare unity, the extra termsaccountingfor

fragmentatiorof the link capacitiedueto the variability in the quantities. Note that the scalar
guantitiesmay representhe peakor the effective bandwidthsof paclet flows. Hence,we may
constructa three stagenetwork that is structurallyequialentto the Clos network, and enable
fitting of admissibleflows, irrespectve of whetherthe nodesare memoryor spaceelementsas
long aseachelementcaninternally (througharbitrationor schedulingyealizethe bandwidthsof

theindividualflows ontheirinputandoutputlinks. ThisresultmirrorsPropositior2 in thecontext

of Clostopologies.

3.2 1Q Switch Algorithms

SincelQ switchesrequirea memorybandwidththatis independentf theswitchsize,asignificant
amountof researchhasbeenconductedto characterizets performance. Consideran N x N
IQ switch, as definedin Sec.2.4, with all ratesnormalizedto an external interface rate of 1
cell/timeslot,and meanarrival ratesof )\; ; betweeninput « andoutputj. Theseratesare said
to be admissiblewhen}",; A; ; < 1 for all j, and}>; A;; < 1 for all 4, sincethey correspondo
arrivalsfor which an OQ switch of the samedimensiongs stable.Thetaskis to devisearbitration
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Figure3.2: A combinednput-outputqueueingswitch (C10Q)

algorithms thatcomputea sequencef matchingsr(n), sothatthe obsenedbehaior is function-
ally equivalentto the OQ switch. Broadly speakingtherearetwo typesof suchalgorithms:rate
driven schemeswhich usea prior knowledgeof all the rates); ;, and queue-occupancgriven
schemeswvhich usethe stateof the queuesto devise a matching. The latter is especiallysuit-
ablewhenthe ratesare not known beforehandasis the casewith best-efort traffic, or whenan
eguialentrate-drvenschemas too complex to implement.

Early 1Q switchesuseda single FIFO queuein eachof the input memoryelements However,
Karol etal. [37] shovedthatthethroughpuiof this systemis limited to 2 — /2 (59%),evenunder
independenBernoullitraffic on eachinput link, which is uniformly distributedto all the outputs.
This is becausef the phenomenorralledhead-of-line(HOL) blocking,in which a cell destined
to anidle outputis queuedbehinda cell destinedfor a currently busy output. This situationis
remediedby queueinghe cellsin aninput elementinto N separatejueuespnefor eachoutput,
referredto asvirtual outputqueued68]. Let the queueof cellsdestinedo output; in inputi be
denotedas(); ;, with lengthg; ;. Essentiallya matchingmatrix = (n) enableghe transferof a cell
from anon-emptyQ); ; in timeslotn wheneerr; ;(n) is setto 1.

The sizeof a matchingis the numberof the unity elementsin the matrix, i.e., 3=, ; m; ;(n),
andcorrespondso the total numberof cells transferedn the timeslot. Given a weightfunction,
the weight of a matchingis definedasy"; ; w;;(n) - m;;(n). An 1Q switchis saidto employ a
speedup > 1 if s matchingsaarecomputedoertimeslot,enablingthetransferof upto s cellsper
timeslotbetweenan input-outputpair. Sincethe outputlink operatesat a rateof 1 cell/timeslot,
ary speedumecessitatebuffersat the front of the outputlink, in additionto the onesin theinput
elements. Sucha switch is also referredto asa combinedinput-outputqueueing(CIOQ) [31]
switchandis illustratedin Fig. 3.2. Notethata ClOQ switchrequiresa memorybandwidthequal
to 1 + s timestheinterfacerates,anda ClIOQ switchwith speedupV is thesameasanOQ switch.

1Suchalgorithmshave alsobeenreferrecdto asswitchsdhedulingalgorithms put to avoid confusionwith theoutput
link schedulingalgorithms we referto theseasarbitrationalgorithms.
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3.21 SizeMatchings

An algorithmthatcomputesa matchingwith the maximumsizewould provide the highestinstan-
taneousthroughputin eachtimeslot. Sucha matchingcanbe obtainedby finding the maximum
network flow in a bipartitegraph,wherethe verticesof the graphcorrespondo the inputsin one
setandtheoutputsin the other andanedgewith unit capacityexistsbetweennput: andoutput;
if ¢;; > 0. Themostefficientalgorithmto solve this problemrunsin O(N??) time [28], andis too
comple toimplementatahighfrequeng (e.g.,20 million arbitrations/seconfibr aninterfacerate
of 10Gb/sandcell sizeof 64B, allowing lessthan10 cyclesona133MHz clockfor thearbitration
logic). This motivatedthe designof practicalso-calledmaximaisize[50] matchingalgorithms.

A matchingis referredto as maximalin sizeif it addsone connectionat a time, i.e., in a
greedyapproachand corvergeswhenthereis no idle input-outputpair. Clearly, any maximal
matchingalgorithmwill corvergein N stepsthoughit is notguaranteetb find themaximumsize
match.A simpleexamplemaybe constructedasfollows: a centralizedarbitermatchesachinput
i, in sequenceto the first unmatchedutput; for which ¢; ; > 0. This algorithmrunsin O(N?)
time, which is the minimum it would take for ary algorithmthatneedgo sequentiallyinspectall
the entriesof an N x N matrix. Dai and Prabhakaf19] proved, usingfluid analysis,that any
maximal matchingalgorithm guaranteeshat the systemof queuess stablefor any admissible
arrival processwith a speedups > 2. This is a remarkableresultasit allows oneto choose
the leastcomplex maximal matching,andyet remainstable. Similar results,i.e., the sufficiency
of s = 2, wereshavn by Leonardiet al. [48] for a specificmaximalmatchingunderadmissible
traffic which leadsto an embeddedvarkov-chainqueuelengthevolution, by establishinga drift
conditiononawell chosemuadratid_yapunw function[46] of thequeudengthvector Thesame
work [48] alsoestablishedhe stability of a probabilistic(queue-lengthiriven)maximalmatching.

Severalearlierworks[1, 51, 49] proposednatchingalgorithmsfor 1Q switcheswithoutspeedup,
andanalyzedheir performanceinderrestrictedarrival processesaswell assub-maximakizes.In
Parallellteratve Matching(PIM) [1], eachinput,in parallel,sendsarequesto eachof theoutputs
for which ¢; ; > 0. An outputchoosesnefrom the contendingnputsin a randommanney and
finally, eachof theinputsselectonefrom the grantingoutputs,againin arandommanner These
stepsareiteratedtill the algorithmconvergesto a maximalmatching. Eventhough NV iterations
arerequiredto corverge in the worst-caseit wasshawn thatthe algorithmneedsonly O(log N)
iterationson average Alternatively, in ISLIP [51], in eachiteration,the outputgrantandtheinput
selectoperationsareperformedn around-robinfashionwith specialcareto ensurehatthe point-
ersdonotsynchronizelt wasshovn thatdueto thede-synchronizatioproperty asingleiteration
is sufficient to ensurestability for i.i.d. Bernoullitraffic on eachinput, with uniformly distributed
destinations.For uniform bursty traffic, several iterations, NV in the worst case,are requiredto
maintainstability. Notethatsuchiterative algorithms,dueto their parallelnature canconcevably
beimplementedn adistributedfashionaslong asthereis enoughcontrolbandwidthbetweerthe
inputs and outputsto exchangeresultsrepeatedly(equalto the numberof iterations)within the
sametimeslot.

3.2.2 Weight and Rate Matchings

Eventhoughthe performanceof maximalsize matchingalgorithms,without speeduphave been
demonstratedior uniform traffic, it wasrecognized52] that even a maximumsize matchingis
insufficient for stability undermon-uniformadmissibldraffic. Thesamework shovedthata maxi-
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mumweightmatchingwheretheweightof theflow from: to j is thequeudengthg; ;, is sufficient
to ensurestability for ary admissiblei.i.d. stationaryarrival pattern. The i.i.d. and stationas
ity requirementswhich werethe artifactsof the proof methodologythat usedembeddedvarkov
chains,wererelaxedin [19]. The mostefficient algorithmto computethe maximumweightruns
in O(N3log N) time. It waslaterrealized[53] thatthe bestmaximumsize matchingcanindeed
guaranteestability by computingall possiblemaximummatchings,jn eachtimeslot,andchoos-
ing the onewith the maximumweight, wherethe weightw; ; is computedasthe sumof all the
occupancieq input: plusthe sumof occupancief output;.

Givena prior knowledgeof all therates); ;, eitherthroughtraffic engineeringconsiderations,
or throughspecificationf traffic profiles,a repeatingsequencef K matchingsmay be usedto
essentiallyprovide a virtual trunk with the specificrates,thusensuringstability. The K match-
ingsmay be computedffline usingthe Birkhoff-Von NeumannBVN) matrix decompositiofi5],
which computesk’ = O(N?) numberof templatesn atotal run time of O(N*®) andrequiresno
speedupo operate.Note thatwhile the algorithmhashigh compleity andmemoryrequirement
to storethetemplatesthe decompositiomeeddo berepeatednly whentheratematrix changes.
Alternatively, the templatescan also be computedby performingflow fitting on a structurally
equivalentClos network [30]. (This may be viewed asa proof for Proposition2 for the specific
case®f IQ andCIOQ switches.)in this approachassuminghatall theratesareintegermultiples
of some\,,;,, eachrateis corvertedinto \; ;/Awin Circuits, which needto be realizedin 1/Amin
time. This canbedonewith aspeedupf 2, i.e., by partitioningthe circuitsinto 2/ A,,;, templates
usingthe Clostheorem or without speedupsingthe Slepian-Duguidheorem.Therunningtime
compleity for theformercanbefoundasO(N/)2;,), andfor thelatterasO(N?/Apiq)- In con-
trastto deterministicallycomputingand storing templatesa probabilisticrate-driven algorithm
waspresentedhn [48], wheretherateswereusedto generatea maximalsizematching.

To summarize a maximal size matchingis sufficient to ensurestability underany admissi-
ble traffic using a speedupof 2, while a maximumweight matchingensureshe samewithout
speedup A maximalsize algorithm, suchasiSLIP, may be usedwithout speedugor uniform
traffic, andrequiresonly a singleiterationfor uniform Bernoulli traffic. Finally, if all theratesare
known beforehandanoffline ratedecompositioralgorithmmaybeusedto generata sequencef
templatedo provisionthoserates.

3.23 0OQ Emulation

While differentsize, weightandrate-basedatchinghave beenshavn to possessaryingstability
propertiesthe ability to exactly emulatean OQ switch for ary traffic patternwould undoubtedly
be the mostdesirablepropertyfor an input queuedswitch. Chaunget al. [17] shoved that this
was indeedpossible,in theory for a ClOQ switch with a speedupof 2. (This wasalso proved
independentlyn [44, 66].)

Thealgorithmpresentedn [17], Critical CellsFirst (CCF), maintainsa priority list, for every
output, of cells enqueuedanywherein the system. The position of a cell in this list, calledits
outputcushion is calculatedoy simulatingan OQ switch of the samedimensionswith thedesired
link schedulingscheme The classof schedulingschemesvhich canbe emulateds the Paclket-In

2t hasbeenwidely conjecturedhat thesetwo resultsare analogouso the Clos theoremandthe Slepian-Duguid
theoremrespectiely, for acircuit-switchedClos network, asa matchingcanbe viewedasanonlinefitting of circuits
overthetime-scaleof averagingof therates.
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First-Out(PIFO),whichis amodelfor any servicedisciplinein which therelative departureorder
of cells doesnot changewith future arrivals. An incomingcell is insertedinto the input queues
in suchaway thatthe cellsarein ascendingorderof their outputcushions.A stablematchingis
calculatedvhich ensureghat,for eachinput, eitheracell is transferedr a cell from anothelinput
with alower outputcushionis transfered Sucha matchingcanbe computedoy solvingthe stable
marriageproblem for example,usingthe Gale-Shapelplgorithmwhichrunsin O(B) time,where
B is thesumof thelengthsof all theinputqueues.

3.3 QoS Methodologies

As opposedo IQ arbitrationalgorithms,the mainfocusof which (exceptfor ratedecomposition
andemulationschemeshasbeento provide maximumthroughpuin relationto awork conserving
ideal switch, the primary goalsof QoSalgorithmsaretwofold: (i) to provide isolatedbandwidth
guarantee$o specifiedflows; and(ii) to provide fairnessn the distribution of excess(best-efort
portion) bandwidth. Isolationrefersto the ability to provide a virtual bandwidthtrunk to a flow,
irrespectve of the arrival patternsof other flows. The time-scaleover which suchisolationis
providedtranslatesnto thelatencyof service andconsequentlaffectsthe delaysobseredby the
pacletsbelongingto thatflow. Thoughseveralnotionsof fairnessnaybecontemplatedlepending
uponthe applicationof the flow (suchas TCP connections)we restrictoursehesto the ability
to control the excessallocationdependingon specifiedweights. Both the above objectvesare
especiallymeaningfulunderinadmissibleraffic.

The goalsof isolationand fairnessare provided by a combinationof schedulingand buffer
managemendlgorithms. Thesehave beenstudiedextensvely in the context of OQ switchesj.e,
singlememoryelementsandareovervievedin AppendixB.

3.3.1 QoSin Input Queued Switches

While OQ emulationestablishedhe theoreticalpossibility to provide any desiredQoS perfor
mancein a ClOQ switch by emulatinga chosenlink scheduleffor an equivalentOQ switch, its
implementatiorremainsnfeasible.Accordingly, in practice QoSis providedby consideringeach
of the stagesasindependentlementsandusinga hierarchicalschedulingstructure jmplemented
in adistributedfashion[63, 8] amongthe elements.

We will considera simpleexampleshawn in Fig. 3.3to illustratethe methodology Theinput
elementscontaina virtual outputscheduler(VOS) for eachoutput, which are sened by the ar
biter. EachVOScontainsa GBS (guaranteetbandwidthschedulerpndanEBS (excesshandwidth
schedulerportion,whichdividesthebandwidthprovidedby thearbiteramongtheflows. Thearbi-
trationproceedsn two steps.In thefirst step,a (nhon-work-conservingyatedecompositiorscheme
is usedto provideisolatedbandwidthtrunksoneveryinput-outputpair. Thesegrantsarescheduled
amongthe flows by the GBS schedulerthe delayboundin the first elementbeingdependenbn
theaddedlateng of the arbiterandthe VOS. This hasmotivatedsomerecentinterest[39] in the
generatiorof low-lateny smoothtemplatesln the secondstep,a maximalmatchingalgorithmis
usedto maximizethroughputwhich is distributedby the EBS schedulein a choserfair manner
Note that, for admissibletraffic, the needfor fairnessn the distribution of (excess)bandwidthis
moot. For traffic thatcausegsustainedr temporary)instability, excessbandwidthis first divided
onaninputbasisby thearbiter(e.g.,usingequalweightingin the caseof iSLIP), afterwhichit is
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distributedby the VOS. Clearly, this doesnot, in generalcorrespondo theweightingreceved by
aflow from aflat link scheduleof anOQ switch.
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Chapter 4

Buffered Clos switches

The methodsfor constructinga high capacityswitching fabric, composedf smallerspaceand
memoryelementsarethe subjectsof this chapter We first presentthe framework of functional
equivalenceusedto characterizéheperformancef thefabric. Thearchitecturesinderour consid-
erationarerestrictedto a classof fully connectedhreestagemodels,which we call Buffered Clos
switches,and are driven by differentdesignconstraints. The classincludessingle-pathmodels
suchasthe CIOQ switch andmore generaimemory-space-memoijesigns andmulti-pathones
suchasthe parallelpaclet switch (PPS).

The taxonomyitself is novel, andis unpublishedas of this writing. Someof the problems
addressedor memory-space-memoigwitchesarestill worksin progressfor which we present
our initial ideas. Regardingmulti-path switches,we include our publishedresultsaswell asa
discussioron similar work beingconductecelsevhere,andidentify someasyet unsohedissues.
We concludeby shaving how the QoSmethodologieswell studiedin the context of OQ switches,
canbeappliedto the multi-moduleBufferedClos switches.

4.1 Switch Model

A BufferedClosswitchis athree-stagswitchwith thefollowing structuralimitations. Thestages
are uniform, i.e., eachstageis composedof a single type of element,memoryor space. The

switch is symmetricalin arrangementi.e., the numberof elementsn the third stage,andtheir

inter-connectionsvith the second,are a mirror imageof the first. Finally, we restrictoursehes
to a squae switch, i.e., onewith an equalnumberof input and output ports. We introducethe

following 5-tuplenotationto specifythe switchstructure:

S:(N,X,PK,s),

whereN x N isthesizeof theswitch, P is the numberof first andthird stageelementsand K is
thenumberof centralstageelements X is astringthatdenoteshetype of elementsn eachstage,
with X[i] € {S, M}, spaceandmemoryelementrespectiely. Dueto the propertyof symmetry
thefirst stageelementdave dimensionof N/P x K, thesecondP x P, andthethird K x N/P.
(We assumehat N/ P is aninteger)

The parameter refersto the speedupbetweerthe first andsecondstages.Givenan external
link capacityof R, thetotalinputlink bandwidthof theswitchis N R. Similarly, if the capacityof
thelinks betweerthestagess r, thetotal bandwidthbetweertwo adjacenstagess equalto r PK'.
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Figure4.1: A Taxonomyof BufferedClosswitches

By definition,if all theratesarenormalizedo the externallink rate,thentheinternalcapacitycan
becalculatedass- %. Discounting for now, theeffectsof bandwidthfragmentatiorontheinternal
links, the switchis structurallynon-blockingaslong ass > 1. We definea switch assingle-path
if eachrealizablepathbetweeraninputandoutputcontainsthe samememoryelement(s)If two
pathscontaindifferentmemoryelementsthe switchis considerednulti-path Notethatwe allow
two pathsin asingle-pathswitchto consistof differentspaceslementsbecause cell experiences
asmallfixeddelayasit traversesa spaceslementgssentiallyexhibiting predictablebehavior.

The taxonomyof Buffered Clos switchesis obtainedby varying X andthe relationshipbe-
tweenN, P, and K. While we deferthe motivationandanalysisfor the specificpointsof interest
in the taxonomy we illustrateit in Fig. 4.1, anddefinethe structuresasfollows: (Strictly speak-
ing, 1Q and OQ are not membersof this class,but we usethe samenotationfor uniformity.)

0Q : (N,[M],1,0,9)
IQ (N,[MS],N,1,1)
ClOoQ (N,[MSM],N,1,s)
CIOQ-A : (N,[MSM],P,1,s), N/Pisaninteger
CIOQ-P : (N,[MSM],N,K,s)
G-MSM : (N,[MSM],P,K,s), N/P isaninteger
PPS : (N,[zMz],N,K,s), zisvariable
BVN (N,[SMS],1,K, s)

We addresghe performanceof all but the lastitem in the above list, the so-calledBirkhoff-Von
Neumann(BVN) switch (not to be confusedwith BVN ratedecomposition)which hasgarnered
somerecentinterest[6, 35] asa generalspace-memory-spackesign. The designconstraintghat
leadusthroughthetaxonomycanbe ennumeratedsfollows. Thememoryelemenis constrained
in sizeandcapacityby the available memorybandwidth,andin compleity by the frequeng of
link schedulingoperations.The spaceelementis constrainedn capacityby the transferrate be-
tweenan input-outputpair, in sizeby the realizablepin countin ASIC, andin compleity by the
frequeny of arbitration which itself depend®n the capacityandthe size.

As seerfrom the previouschapterCIOQis fairly well-studiedandwidely deployed. CIOQ-A,
CIOQ-R andG-MSM switchesarealreadyfoundin practice(e.g.,[12, 13]), but their performance
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is relatively lesswell studied.PPSandBVN arestill mainly undertheoreticainvestigation.

4.1.1 Functional Equivalence

We denotea switchS; operatingundera setof algorithmsA; to befunctionallyequivalentwith a
switchS,, operatingunder.A,, asfollows:

(S1, A1) 2 (8, Ay),

whereT is the classof traffic for which the equivalenceholds,and f denoteghelevel of equva-
lence.Thefollowing arethelevelswhich areof ourimmediatenterest:

fi Assumingall theaveragerates); ; betweertheinput-outputpairsareknown, andtheratesare
admissible(i.e., V5 >, A ; < 1), givenanalgorithmset. A, which ensureghe stability of
the queuesn S,, we canfind an algorithmset.A; which ensuregshe samein S;. In other
words, f; denotegheability to provide virtual trunksof known admissibleratesbetweerthe
input-outputpairs.

fo Assumingrates); ; are admissible(i.e., V5 >, \;; < 1), givenan algorithmset.A, which
ensureshe stability of thequeuesn S,, we canfind analgorithmset.4; which ensureshe
samein S;, without explicit knowledgeof the individual rates.We saythat S; is relatively
stablewith respecto S,.

f3 Givenanalgorithmset.4, which ensureghe stability of eachoutput; with admissiblerates
(i.e., thosej for which }°; A; ; < 1), in switchS,, we canfind a set.4; which enableghe
samein S;. We defineanoutput; to be stableif the systemof queuesvhich containtraffic
to outputj is stable.In otherwords, f5 representshe ability of a switchto isolateunstable
outputsin the presencef inadmissibldraffic. We saythatS; is relatively stablein thestrict
sensewith respecto S,.

fa GivenA,; whichensureshestability of asubsetf input-outputpairswith admissibleates(i.e.,
pairs(i, j) for which \; ; < w;, ;, thefractionof the outputlink bandwidthgivento the pair
by A,) in switchS,, we canfind A; which guaranteethe samein S; for the samesubset.
We defineaninput-outputpair (i, j) to be stableif the systemof queueswvhich containthe
traffic belongingto thepairis stable.f, representgheability of theswitchto isolateunstable
input-outputpairswithin the same(unstable)utput. We saythat S; is relatively stablein
the strictestsensewith respecto S,.

f5 GivenanalgorithmsetA, for S,, we canfind aset.A; which ensureshatcellsdepartfrom S;
in anexactemulationof thedeparturdrom S,.

In essencef; denotesthe ability of a switch to utilize the knowledgeof all the admissible
ratesto ensurethatthe givenratescanbe supported.For example,the BVN rate matrix decom-
position providesvirtual trunkswith the given ratesfor input queuedswitches,andcanbe used
for fi; equivalence Note howeverthatsuchratedecompositiorschemesrestrongerthan f; since
they canalsoguaranteajivenraterequirement®venif the offeredarrival ratesdo not adhereto
thoserequirementsEquivalenceat level f, hasbeenequatedn the literatureto providing 100%
throughputin paclet switches.Levels f; and f, provide further meansto maintainthe so-called
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100%throughput,while isolating specificflows that contribute to congestiorand instability. In
thatregard,they might alsobe consideredslevelsof fairnessn the distribution of bandwidthin
a (partially) unstablesystem.Note alsothatthe propertyof work-conseration,on an outputlink
basis,is sufficientfor f5, but notfor f, equvalence.

The methodologyto prove the stability of a systemof queuess left open,which might itself
restrictthetraffic classI’. We establisitwo importantpropertiego aid in recognizingequivalence.
Noticethateachlevel of equivalencesubsumeshe previouslevel, i.e., if the equivalenceholdsat
level f;, thenit holdsfor all f;,5 < 7. Thisleadsusto the containmenproperty.

3Ji . . T’fj
(S1, A1) (S5, Ar) = V) <y (S1,A) X (S, Ay) (4.1)

Also, it is easyto seethat eachlevel of stability lendsitself to the transitiveproperty Thatis,
if a setof equivalencesof switch S, with respectto S; is well known, it suficesto showv the
equialenceof anew switchS; with S, in orderto establisithe samewith respecto S;.

(81, A1) ¥ (S, A)
A (8o, As) X (S, As) = (Si, AL = (Ss, As) (4.2)

Sincethe optimality of work-conservingOQ switchesis well establishedwe canunambiguously
characterizeéhe performanceof ary givenswitch S by finding algorithms.A, suchthatit is func-
tionally equialentatlevel f; with the OQ switch, for thelargestvalueof ; andthe broadestraffic

classT, i.e.,
Tyfi

Goal : (S, A4) = (0Q,{Work ConservingWC)} )

The known resultsfor 1Q and ClIOQ switches,which werereviewed in the previous chapter fits
into this framework asfollows:

(IQ, {BVN Decomposition) o (0Q,{WC})

(1Q, {iSLIP}) b (0Q,{wcC}), T:Bernoulli,i.i.d., uniform;singleiteration

(1Q, {iSLIP}) e (0Q,{WC}), T:i.i.d.,uniform; N iterations
(1Q, {MaximumWeight)) "2 (0Q, {wC})
(CI0Q, {Maximal Size}) Z* (0Q,{WC}), s=2

Taf5
~

(CI0Q,{CCR) £ (0Q,{WC,PIFQ}), s=2

4.2 ClOQ: SomeLoose Ends

TheClOQswitchis attractize becaus¢hememorybandwidthrequireds (1+s) timestheinterface
rates,without a dependencen the size of the switch. However, assumingthat a large space
elementwith alink rateof s canbe built, therearetwo immediateproblems. Thefirst is related
to performanceFunctionalequivalenceat level f5; canbeachievedasshowvn in [17], howeverthe
algorithmis exceedinglycomple. Practicalalgorithmshave notbeenshonn to berelatively stable
in the strict sense.The secondproblemis relatedto the frequeny of arbitration. The length of

anarbitrationcycleis givenby L/sC, whereC'is the outputlink capacityandL is thesizeof the

cell. Thereforejt decreasewith increasingransferrates.Additionally, mary of the opticalspace
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elementawhich provide the fastestransfergate suffer from a high re-configuratiorlateng, once
amatchinghasbeencomputed We addressheseissueseforeproceedingo thenext pointin the
taxonomy

4.2.1 Strict Relative Stability

Oneof the desirablepropertiesof an OQ switchis thatinstability at an outputis isolatedto that
output. In otherwords,if 3°; A; ; > 1 for someoutputj, it doesnot affect the stability of queues
atotheroutputs,aslong asit employs awork conservingpolicy. Considera partitioningof the set
of outputports{1,2,..., N} into two propersubsetsd andB. Let); \; ; < 1 forall j € A, and
YiAi; > 1forall j € B. A ClOQ switchwould beequialentatlevel f; with awork conserving
OQswitch,aslong asall outputsin A arestable.Of coursedirectly providing a specificmatching
algorithmthatguaranteesvork-conseration (suchasthe onein [44]) immediatelyestablishegs
eguialence However, our goal hereis to provide the sameusingsimplermatchings.

Notethateachinputelement hasvirtual outputqueuesorrespondingo outputsin both A and
B. LetQ; ; and@; , betwo suchqueuestespectiely. At first glance jt seemshatthecombination
of theinstability of (); , anda bad maximalsize matchingalgorithmwhich always chooseghat
queuewould causethe instability to spreado @; ;. However, we conjecturé thatbecausef the
physicalinputlink limitation 3=, ; ; < 1, ary maximalmatchingwith speedupf 2 is sufficient
to ensurerelative stability in the strict sense.(This strengthenshe resultprovedin [19], which
appliedonly whenall therateswereadmissible.)

Conjecture1 (CIOQ, {MaximalSize) Z* (0Q,{WC}), s =2

Next, consideran output;j belongingto the set B of unstableports. Also, assumehat the
referenceOQ switch hasthe ability to divide the capacityof output;j accordingto normalized
weightsw; ; (€.g.,by usingvirtual inputqueueingat the outputs andary weight-basedcheduling
scheme)amongthe pair (¢, j). Then,if ); ; turnsoutto belessthanw; ;, the pair (¢, j) remains
stable evenwithin anunstableport. In otherwords,awork conservingOQ switchwith any weight
basedoolicy hasthe ability to isolateinstability on aninput-outputpair basis.Our next goalis to
enablethe samen a ClOQ switch,therebyproviding f4 equivalence.

Considera CIOQ switch with virtual input queues; ; in eachoutputelement; for eachof
the inputs. We can showv by a simple counterexample that any maximal matchingalgorithm
cannotensurerelative stability with an OQ switchin thestrictestsenselLet \; ; = A, ; = 1, and
As; = 1/2, with no othertraffic in theswitch,andweightws ; = 1/2 + 4. Clearly, in thereference
OQ switch, the pair (3, j) would remainstable. However, irrespectve of the schedulingscheme
amongthe virtual input queuesof the CIOQ, a bad maximal matchingcan always choosepairs
(1,7) and(2, 7) in analternatingfashion,andleave out (3, j) altogetherevenwith a speedupf 2.

To remedythe above, we proposethe ShortestOutputQueueFir st (SOQF)algorithm,which
works asfollows. In the outputelementsthe virtual input queuesare scheduledwith the same
weightsw; ; asin the referenceDQ switch. The maximalmatchingproceeddy first sortingthe
virtual input queuelengths,andin ascendingrdet matchingthefirst pair (¢, j) with unmatched
andj, which hasa cell to send. It canbe easilyshowvn thatthis is aninstanceof a maximalsize

1Thisresultis somevhatcounterintuitive,andatremendousffort to find a counterexampleturnedoutto befutile.
Of coursewe needa rigorousproof to establishthis asa theorem.An authorof the original resulton maximalsize
seemgo concurwith this conjecturd59].
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matching,andhenceis at leastequialentto a work-conservingOQ switch at level f, (and f3 if
Conjecturel is proved). We clain? thatby giving preferencén the maximalmatchingto theleast
congestegair, a ClIOQ switch canisolateinstability on an input-outputpair basis. The running
time of SOQFis dominatedoy thetime to sortthe outputqueuesi.e.,O(N?log N).

T,fa

Conjecture2 (CIOQ,{SOQR) = (0Q,{WC,WeightSdeduling), s=2

4.2.2 Envelope and Batch Switching

Therehave beentwo recentapproacheso tacklethe problemsassociatedvith a high arbitration
frequeny. The first [36] recognizeghe fact that the frequeng is given by sC/L and can be
reducedby increasinghe denominatar Several cellsarepaclkedinto anenvelopeanda matching
is computedon an ervelopetimeslot. It hasbeenproventhatthis doesnot affect the stability of

the queuegqeachqueuewill have an additionallength of at mostan envelopelength), however,

sinceernvelopesarereleasednly whenfull, the delayof a cell in a partial ervelopeis potentially
unbounded. An additionalspeedup(of upto 2) s; canbe usedto boundthe delay Note that
ervelopesalso enablemoderatelycomplex (and distributed) matchingalgorithmsby amortizing
the compleity overthe envelopetimeslot.

Another possibly complimentary approach[70] dealswith a commonproblem associated
with opticalelementsthatof high re-configuratiortimes. Eventhoughmatchinganay proceecdat
afrequeng of sC/L, whereL is now the ervelopesize,thesemay be usedin conjunctionwith
even slower re-configurationpy essentiallyaccumulatinga batchof matchingsand computinga
sequencef configurationghatcoverthebatch.In [70], it hasbeenshavn that2 N configurations
with anadditionalspeedumf s, = 2 is sufficientto cover a batchof ary size. Thoughwe do not
proposeary new algorithmsthataddressheseissueswe needto notethatthe actualspeedumpf a
spaceelement;n practice would equals; sy s, wheres is the speedumf a CIOQ switchthatdoes
notemploy eitherof thetwo techniques.

4.3 Single-Path Buffered Clos Switches

The CIOQ switchis the simplestinstanceof a single-pathBuffered Clos switch. We now shov
how to addthetechniqueof aggrgationandpipeliningto obtainmorecomplex designsandthe
algorithmsthatmaintainequialencewith an OQ switch.

431 CIOQ-A: Aggregation

A CIOQ switchwith aggregation(ClIOQ-A) is obtainedby grouping N/ P consecutie interfaces
of the former into the samememoryelement,asshovn in Fig. 4.2(b). Consequentlythereare
P memoryelementdan the first andthird stage,and a single spaceelementin the secondstage.
Eachmemoryelemenmnow requiresa memorybandwidthof (1 + s) N/ P timestheinterfacerate.
The spaceelementrequiresa transferrate of sN/P on eachlink (insteadof s in CIOQ) andan

2As of now, we possesgheintuition behindthe algorithm,but no analyticalproof. If we fail in thelatter, the plan
is to validatethe algorithmby resortingto simulations.We may alsousethe schemeo provide equivalenceat level
f3 in casethe previous conjectureurnsout to be incorrector in the casewhenthe sumof theincomingratesinto an
input elementexceedaunity dueto multicasttraffic.
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arbitrationandconfiguratiorfrequeng of s N/ P matchinggertimeslot. Wereferto thecycletime
of transferof thespaceslementastheinternaltimeslot,whichis P/sN timestheexternaltimeslot.
Fromadesignpointof view, thisapproachasafew adwantagesThesizeof thespaceslementand
hencethe numberof inter-connectiongndtheinternalcontentiord points,decreaseby afactorof
P. A maximalmatchalgorithmon the smallerspaceelementhasa time compleity of s%O(PQ)
per externaltimeslot, or O(N P) asopposedo O(N?) in CIOQ (thoughthis point is rendered
ineffective in someof themorecomplex algorithmsexplainedbelow). Aggregationalsoallowsthe
reuseof existing spaceelementdo supportmultiple subports.The primary disadwantageof this
approachs the highermemorybandwidthcomparedo a ClOQ switchof thesamedimensionsand
thehigherfrequencie®f schedulingn thememoryelementandarbitrationfor thespaceslement.
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Figure4.2: SinglePath BufferedClos Switches

Thesameratedecompositiortechnique®f ClIOQ, asreviewedin Sec.3.2.2canbe performed

3The advantageof lower numberof contentionpointswill likely not be revealedin maximal matchingswith
worst-casespeedupbut might be apparentn sub-maximamatchingsandlower speedupThis needgo be verified.
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Figure4.3: Example:To shadav a CIOQ switch

on an input-outputelementbasis,for known admissibleratesto achieve equivalenceat level f;
with an OQ switch. Furthermorea maximal size matchingdonean elementpair basis,canbe
easilyshown to berelative stablewith OQ for s = 2. The straightforward proof of the following
may befoundin AppendixC.1. (Notethat f; equivalencealsoholdsif Conjecturel is true.)

Theorem1  (CIOQ-A,{MaximalSizg) "<’ (0Q,{WC}), s =2

For strongerequivalence we proposean algorithm called shadowCIlOQ-A4, which emulates
a ClOQ switch running A, followed by a decompositiorof the matchings;o achieve the same
level of equivalencewith an OQ switch asthat achiezed by A. Consideran N x N CIOQ-A,
with all ratesnormalizedwith respecto the interfacerates. Let the queueshe arrangede.g.,a
combinationof virtual outputandvirtual input queuesyasrequiredby A. Shadav CIOQ-A first
computess* matchingsevery timeslotby running A, wheres* is the speedupequiredto operate
A in a ClOQ switchwith the samedimensions.Consideronesuchmatchingr, andcomposean
aggregatematchingr* asfollows:

k< Zi <X
Vi<P, j<P W:]— Z Z Mg,
k=5 (i=1)+1 =5 (-1)+1

Note that the aggregyate matchinghasthe following properties. The sumof all entriesin a
columnor arow is nogreatetthan NV, andeachentrysumsupto nogreatetthan N/ P. Viewing the
entriesasnumberof circuits, it followsfrom CIostheoren(Sec 3.1)that7* canbepartitionedinto

2(N/P) — 1 matchingsin agreedyfashionin O (- ) time, or usingthe Slepian-Duguidheorem
into N/P matchingsin O(NP?) time. Eachof the computedpartitionsis usedas a matching
for the P x P spaceelement,running at at a frequeny of sN/P. Consequentlythe shadov
ClOQ-A, followedby Closor Slepian-DuguidSD) fitting, requiresa speedupf (2 — %)s* or s*,
respectrely, to exactly emulatea CIOQ switchrunning.A at a speedupf s* (seeFig. 4.3 for an
example).We have just provedthefollowing result:

Theorem 2

(CIOQ-A,{ShadowCIlOQ-A, ClosFitting}) L (CIOQ,A), s=(2—-L)s

(CIOQ-A, {ShadowCIOQ-4, SDFitting}) 2* (CI0Q, 4), s =
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Theabove result,alongwith the containmentindtransitive propertiesof functionalequialences,
leadsusto thefollowing:

Tafi
~

Corollary 1 (CIOQ,A) = (0Q,A), s=s =
(CIOQ-A,{ShadowClOQ-A, ClosFitting}) i (0Q,A), s=(2—%)s*, and
T,fi

(CIOQ-A, {ShadowCIOQ-4, SDFitting}) < (0Q, A), s = s*

This allows usto establishequivalencedor CIOQ-A by applyingwell known resultsfor CIOQ.
For example,a CIOQ-A switch is relatively stablein the strictestsensewith an OQ switch, by
shadaving a CIOQ with the SOQFalgorithmwith speedug®, followed by fitting. Clos fitting
requiresa total speedupf 4 — 24 anda compleity of O(N?log N') dominatedby the sorting
time, while SD fitting requiresatotal speedumf 2 anda compleity of O(N?log N + NP?). An
openguestionis whetherequivalenceat level f, (i.e., strictestsense)anbe establishedvithout
resortingto a shadev CIOQ, possiblyin fastertime.

4.3.2 ClOQ-P: Pipelining

A CIOQswitchwith pipelining(CIOQ-P)is obtainedy replacingasinglespaceslemenof CIOQ,
runningatinterfacerates, by K instance®f elementsunningatrates/K, asshovnin Fig. 4.2(c).
Eachmemoryelementrequiresa memorybandwidthequalto (1 + s) timesthe externalinterface
rates(sameasin ClOQ). Eachspaceelementhasa configurationfrequeng of s/ K matchingper
timeslot. Thelengthof aninternaltimeslotnow is muchlonger equalto K /s timesthe external
timeslot. The frequeng of the total numberof arbitrations,over all the spaceelementsyemains
at s pertimeslot. Themaindesignadwantageof this approachs thatslower spaceslementsf the
samedimensiongnay be usedto constructa higherinterfacerate switch. Also, if the matchings
for all the elementcanbe computedn parallel(a non-trivial task),the frequeng of arbitrations
goesdown by afactorof K.

We first shawv two algorithmsthatrely on shadaving a ClIOQ switch,in the samefashionasin
the previoussection.Again, let s* bethe speedupequiredby algorithm.A on CIOQ, to achieve a
certainequivalencewith anOQ switch. Shadav CIOQ-A computegnatchingsr(n) atafrequeny
of s* pertimeslot. Eachspaceelementk is configuredwith a matchingr®)(n) where

7®(n) =a(K(n—1) +k)

Therefore eachspaceelementgetsl /K of the original matchingswhich canbe satisfiedaslong
ass = s*. Sincern(n) is essentiallyallocatedto the K spaceelementspneelementatatime, we
call this methodsequentiadispatd.

To bring down the arbitrationfrequeng in line with the lower transferratesof the spaceel-
ement,we proposea methodcalledstriping. In this, we shadev a CIOQ switch running.4 with
ervelopesof size K. If s > s* is the speedupequiredto achieve the desiredequivalencewhile
allowing for the effectsof the enveloped36], thenthe frequeng of arbitrationis broughtdown to
s* /K ervelopematchinggertimeslot. For eachsuchmatchingwe breaktheenvelopeandassign
asinglecell to eachof the K spaceelementsTheassignmentsanbesatisfiedaslongass = s*.
Essentiallywe have provedthefollowing results:

25



SE1

ToSE1

Virtual Output Queues

To SE 2

Per-Path Qeueues

Input Element 2

Figure4.4: EqualDispatchusingperpathqueues

Theorem 3

(CIOQ-R {ShadowCIOQ-A, SequentiaDispatt}) b (CIOQ,A), s=s*
(CIOQ-R {ShadowCIOQ-A, Striping}) b (ClOQ, AU {K-Ervelope3), s = s*

Again, by usingthe containmentindtransitve propertiesof equivalenceswe have the following
resultfor proving a desiredequialenceof CIOQ-Pwith an OQ switch: (anda similar onefor the
stripingalgorithm)

vai

Corollary 2 (CIOQ,A) £ (0Q,A), s=s" =

(CIOQ-A,{ShadowClOQ-A, SequentiaDispatd}) Y (0Q,A), s=s*

It would be advantageoudo have methodswhich enableequivalenceswithout resortingto
eithershadaving CIOQ, or usingenvelopesof size K. Our goalis to maintainan arbitrationfre-
queng of s/ K usingconcurrentrbitersattachedo eachspaceslement Recognizehatervelopes,
in essenceallow to distribute the matchedraffic in anexactly equalproportionto eachof the K
elements.We proposean algorithmcalledequaldispatd which achiezesthe sameresultusinga
slightly complex queueindogic. In eachinputmemoryelementperpathvirtual outputqueuesre
maintained.Thatis, in element, thereis aVOQ QZ(,’? for outputy, for eachof the spaceslements
k, asshavn in 4.4. Thetraffic belongingto aninput-outputpair (i, 5) is split equally(onaround
robin basis)to eachQE?, k =1,..., K. Eachspaceslementt computesnatchingsconcurrently
basedonly on the stateof the perpathqueuesorrespondingo k. Essentially perpathqueueing
allows to distribute thetraffic belongingto (4, j) to K concurrenplanesgachbeingsenedby an
individual spaceelement.Vé canshav (seeAppendixC.1)thatif eachelemenferformsmaximal
matchingall the queuesarestablefor admissibleraffic, aslongass = 2.

Theorem 4  (CIOQ-P, {EqualDispatch, MaximalSiz&) 2 (0Q, {WC}), s =2
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Note that the above would alsohold for f; equivalenceif Conjecturel is true. Similarly, if
eachoutputmemoryelementmaintainsperpathvirtual input queuesgroupedon the basisof the
spaceelementthat feedsinto it, we can easily shav that f, equivalencealso holds, aslong as
Conjecture2 is true. The outputscheduleoperatesisingweightw; ;/ K for virtual input queue

Q(k)' wherew; ; is theweightgivento the input-outputpair (i, j) by aschedulein thereference

Z”j !

OQ switch.

Conjecture3 (ClIOQ-R {EqualDispatd, SOQR) s (0Q,{WC,WeightSded}), s=2
For implementatiorpurposesto avoid mis-sequencinghe perpathqueuesarenot physically
separatelndeed all thecellsareenqueuedhto the samephysicalvirtual output(andinput) queue,
andonly the perpathoccupanciegsremaintained.Theseoccupanciesreviewedasactualqueue
lengthsfor matchingpurpose®nly. By sequentiallynumberingthe spaceelementspr by slightly
skewing the cell transfersthe orderingof the cellscanbe determinedat the outputelement.

433 G-MSM: Memory Space Memory

A GeneraMemory-Space-MemoryG-MSM) switchmay be constructedy combiningaggrea-
tion andpipeliningasshavn in Fig. 4.2(d). Eachmemoryelementrequiresa memorybandwidth
of (1 4+ s)N/P timesthe interfacerates. Eachspaceelementhasa transferrate and configura-
tion frequeny of sN/PK. Thetotal arbitrationfrequeng, over all the spaceelementsijs sN/P
matchingspertimeslot,asin CIOQ-A. Thelengthof aninternaltimeslotof the spaceelements
PK/sN timesthatof the externaltimeslot,andmay be higheror lower dependingon the chosen
dimensions.

The performanceof a G-MSM switch is a naturalcombinationof that of the CIOQ-A and
ClOQ-Pdesigns.Considera G-MSM thatemploys VOQsQE? in input element; for eachpath
(spaceelement)k, wherej is thedestinatioroutputelement.We canshaw, similarto Theoremsl
and4 thatthe equaldispatchalgorithmfollowed by K concurrentmaximalsize matchingsat a
frequeny of 2N/ P K, is suflicientto ensureelatively stability with awork-conservindQ switch:
T, f2

Theorem5 (G-MSM,{EqualDispath, MaximalSiz¢g) (0Q,{wC}), s=2

While the truth of Conjecturel will allow to easilyestablishf; equivalence an openquestionis
whetherequialenceatlevel f, canbeestablishedisinga variationof SOQF without resortingto
shadaeving.

Therearethreeshadaving approachesor G-MSM, which may be usedto achiere stronger
equialencesln thefirst, virtual input (andoutput)queuesaremaintained asrequiredby atarget
algorithm A, on a perpathbasis. The equaldispatchalgorithmis usedto separatdraffic into K
planes. Eachpaththen(in parallel) shadevs a CIOQ switch at a frequeng of s*/ K matchings
pertimeslot,followedby the aggrgationandfitting techniqueof CIOQ-A. While equaldispatch
doesnot lenditself to an exactemulationof a ClOQ switch, the shadaving andfitting algorithms
emulatea CIOQ in eachplane(Theorem2). Combiningwith Conjecture3, we obtain:

Conjecture 4
(G-MSM,{Equal Dispatch, ShadowClOQ-4, ClosFitting}) 'Z* (CIOQ, A), s = (2 — £)s",
Ta.f'i

(G-MSM,{EqualDispatd, ShadowCIOQ-A, SDFitting}) =~ (CIOQ,A), s=s*
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Figure4.5: Equivalencedor single-patiBufferedClosswitches

The abore may be extendedby the transitive propertyto achiese ary equivalencef;,: < 4 with a
referencedQ switch.

The secondapproachs anextensionof the stripingalgorithm,which doesaway with the need
for equaldispatchor perpathqueues.Choosingan envelopesize of K cells and maintaininga
shadwing frequeny of s*'/ K, the matchingsareaggrejatedandpartitionedin a mannersimilar
to theonein CIOQ-A. The samepartitionsareusedto configureall the K spaceslementsn each
internaltimeslot. Eachof the spaceelementghencarriesa singlecell from the envelope. Since
striping (Theorem3) andaggreating (Theorem?2) provide for preciseemulationof a ClIOQ, we
obatinthefollowing:

Theorem 6 .
(G-MSM,{ShadowClosFitting, Striping}) AL (CIOQ, AU {K-Ervelope3), s = (2 - £)s¥,

(G-MSM,{ShadowSDFitting, Striping}) gh (ClOQ, AU {K-Envelopes), s = s

Thethird approachs an extensionof the sequentiallispatchalgorithm,andrequiresa shad-
owing frequeny of s*(< s*) matchingsper timeslot, but doesnot useervelopes. Eachof the
matchingis aggregyated,asin a CIOQ-A, however, the resultingpartitionsare usedto configure
onespaceelementafterthe otherin a sequentiafashion.Notethatthe numberof partitions(N/P
if SDfitting is used)is notrequiredto exactly fit in the K elementsWe obtainthe sameresultas
in theabovetheoremwith s* replacedy s*. Theresultscorrespondingo thelasttwo approaches
maybeextended againusingthetransitive property(similarto Corollary 2), to achieve thedesired
equialencewith anOQ switch.

Fig. 4.5 summarizesall the equivalencesdiscussedso far (including the conjectures). The
containmenandtransitve propertiesallow to follow multiple hopsof the equivalencegraph. An
interestingopenproblemfor a G-MSM switchis whetherthe memoryelementsanberecursvely
(") constructedisinga N/P x K ClOQ switch. This seemdo be possiblefor all equaldispatch-
basedalgorithms however, with physicallyseparatgerpathqueueswhich putsit in therealmof
multi-pathswitches.
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4.4 Paralle Packet Switches

A parallelpaclet switch (PPS)allows to pool the bandwidthresource®n several switchingpaths
in orderto constructa high capacityswitch. As shavnin Fig.4.6,an N x N switchwith interface
rate R is composeaf K logicalmemoryelementseachof whichis of size N x N andoperatesit

aninterfacerateof r. A centralelements referredto asa core switch,while thel x K first stage
elements referredto asaningressdemultiplexor andthe K x 1 third stageelemenis referredto as
anegresamultiplexor. The K coreswitchelementsnayberealizedby asinglephysicalK N x K N

memoryelement,in which casethe switchis referredto asaninversemultiplexedswitch[10], or

by K separatghysicalplaneg33, 42]. Also, the memoryelement(sjtself maybereplacedoy a
CIOQ switch,which is equivalentat a givenlevel f; to an OQ switch (a singlememoryelement).
For the purpose®f analyseowever, we will restrictoursehesto the multi-planerealization,and
K physicalmemoryelementswith the understandinghatan f; equivalencewith an OQ switch
for this systemwill continueto hold if the memoryelementsarereplacedwith a ClIOQ exhibiting

the samdevel of equivalencé.

Ingress g Egress
De-multiplexors; N x N Multiplexors
RIiTxk[ . Kx1 R
1 5 i 1
Rl 1xkK Kx1tR
2 2
RI1xK Kx1pR
N N

Core Elements

Figure4.6: A parallelpaclet switch(PPS)

If sisthespeedumf theswitch,thentheinternallinks operateats/K timestheinterfacerates.
Assuminga CIOQ implementatiorwith speedups* for the core switch, the memorybandwidth
requiredin thecoreis (1 + s*)s/ K timestheinterfacerate,which canbe madesignificantlylower

4This statemenitself needsa rigorousproof, which we omit here.
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thantheinterfacerateby choosinganappropriateX. However, if thefirst andthird stagesarealso
composeaf memoryelementsthey still requireamemorybandwidthof (1+s) timestheinterface
rates.Thus,weidentify two significantbenefitof thisarchitectureFirstly, it allowsto reusdower

capacitycomponentsgventhoughit mightrequirethedesignof memoryelementsunningatrates
comparabldo the highertarget interfacerates. Secondly it raisesthe possibility of usingspace
elementsn thefirstandthird stagestherebyallowing to build aswitchin whichthefastestnemory
runsat a fraction of the externalinterfacerates.Our goalis to establishrequivalencedor the PPS,
while attemptingto keeptheingressandegresseithermemoryles®r with a smallfixedamountof

memorywhich canbeimplementedn-chip.

441 Flow-Based PPS

Considera PPSwith X = [M M M], i.e., all the stagesarecomposedf memoryelements.As-
sumingthe ratesof all the flows that traversethe switch areknown, f; equialencewith an OQ
switchmaybeachiezedby staticallyassigninga flow to a switchingpathin oneof the K coreele-
ments.Theresultingswitchis calledaflow-basedPS A pathfor anadmissiblelow canbefound
aslong asthe numberof pathssatisfythe conditionfor multirate Clos topologies(seeSec.3.1),
which translatego the following result:

T, f1

Theorem 7 (PPS{ClosFitting}) =" (0Q,{WC}), X =[MMM],K > 2| —ibua| 41

T—bmax+bmin

Notethatperpathqueuesrerequiredn theingressandegresslementdo buffer theburstiness
of theflows assignedo therespectie paths.Theproblemassociateavith thefragmentatiorof the
internallink bandwidthcanbe mitigatedby splitting a selectechumberof high bandwidthflows
acrosanultiple paths,andassigningveightsto eachpathfor the split flows [10]. Theadwantageof
staticassignmenis thatthereis no mis-sequencingf paclets(exceptfor the split flows), asthere
is a singlefixed pathfor eachof the flows. Several so-calledclusteed routersusethis approach
dueto its simplicity. Evenflows with no specifiedallocationsareassigned path,usuallythrough
uniform hashfunctions. Flow-basedPPShasseveral disadwantages.Bufferlesselementsn the
first and third stagescannotbe contemplated.In addition, a large numberof high bandwidth
(andhence split) flows essentiallynegatesthe sequencingdwantage.Lastly, it canbe shovn by
a simple counterexamplé that equivalencewith an OQ switch at level f, or higher cannotbe
achieved.

4.4.2 Packet-by-Packet PPS

A padet-by-pag&et PPSperformsthe pathassignmenbn a perpaclet basisin contrastto static
flow assignment.Let \; ; be the averagerate of the traffic betweenthe input-outputpair (z, 7).

Consideran equaldispatd algorithmthat distributestraffic belongingto the pair equallyamong
all the K pathsofferedby the core elementsgitheron a roundrobin basisfor fixed sizedunits
(cells), or usingdeficit roundrobin for variablesizedpaclets. In otherwords,eachflow, defined
asaninput-outputpair in this case,is distributedequallyamongall the paths. Consequentlythe

SConsiderthe casewhenthe flows assignedo a certainpathk, anddestinedo outputj, generatemorethans/K
timesthetotal averageratedestinedo thatoutput. Evenwhen} ", A; ; < 1, it causesnstabilityin pathk, while some
otherpath(s)is underutilized.
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averagerateof thetraffic betweerthe pair (4, j) in the kth coreelemenis givenby
1

(k) _
VE A = 2

)\’L,j
Thereforejf outputj is stablein areferencédQswitch,i.e.,}>; A; ; < R, wehave ), AZ(-,'“J-) < R/K
for eachof thecoreelementsA work conservingcoreelemenwith interfacerateR/ K, i.e.,s = 1,
ensureghatoutput; is alsostablein thatelement.Thus,we have thefollowing result:
Theorem 8 (PPS,{EqualDispatth}) Z' (0Q, {WQ}), X = [MMM],s =1

The above resultcontinuesto hold whenthe granularityof equaldispatchis smallerthanan
input-outputpair, e.g.,anequaldispatchof individual userflows amongthe paths.Perpathqueues
arerequiredfor eachsplit flow in theingresselemento resole contentioramongmary flows that
simultaneouslychoosethe samepath, while similar queuesarerequiredin the egresselementto
correctlyorderthe pacletswhich arrive from differentpaths. Sincetraffic is equallysplit atleast
on an input-outputpair basis, Theorem8 can be easily extendedby consideringweight-based
schedulersn the coreelementswvith exactly the sameweightsasin thereferenceDQ switch.
Corollary 3 (PPS,{EqualDispatd, WeightSded}) o (0Q, {WC,WeightSded}),
X=[MMM],s=1

We will now extend the equaldispatchalgorithm to a cell-basedfractional dispatd algo-
rithm [42], which enablesa PPSto have bufferlessingresselementswhile maintainingthe same
eguialence. First, we make two obsenationsregardingthe above results. A fluid model PPS
which dividesthearriving traffic equally in aninstantaneouashionto the K paths satisfiesThe-
orem8. Moreover, no buffers arerequiredin the ingressdueto the instantaneouslispatch,and
nonearerequiredin the egresssinceall the coreelementdbehae asmirror imagesof eachother
Secondlynoticethatgivenaninterfacerate R andaninternalrater, the numberof requiredcore
elementds givenby K = [R/r]|. While anequaldispatchalgorithmis sufficient for relative sta-
bility in acell-based®PSmodel,afractionaldispatchwhich ensureshatoutof [ R/r| consecutre
cellsbelongingto a pair (7, ), not morethanonecell is forwardedto ary singlecoreelementis
alsosufficient for the same(SeeAppendixC.2).

Theorem 9 (PPS {FractionalDispatdh}) &' (0Q, {WC}), X = [MMM],s > %

Next, we recognizethatwhena cell arrivesat aninput interfaceandis assignedo a path,the
pathremainsunusablefor [R/r] — 1 additionaltimeslots,asshavn in Fig. 4.7. Therefore,an
arriving cell finds a total of at most| R/r| — 1 busy interfacesto the coreelements.In addition,
if theingressperformsfractionaldispatchthe [R/r] — 1 previously usedpathscannotbe usedto
dispatchthe currentcell. However, the cell canbe immediatelydispatchedyithout queueingjf
boththe conditionsaresimultaneouslhsatisfiedn theworst-casei.e, if andonly if,

K > ([R/r]=1)+(R/r]—1)+1

- off]-

Thistranslatedo a speedupf s = K/[K/2]|. Furthermoreywe shavedin [42] thatfractional
dispatchhasthe samepropertieseven whenit is carriedout over large block of cells, thereby
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Figure4.7: PPS:TimeslotStructure [ R/r| = 4

allowing its applicationto variablepaclet sizes.Specifically the algorithmstipulateghatout of a
block of ¢ cells,no morethanp aredispatchedo the samepath,where

1

Sincethe conditionof Theorem9 is notviolatedby theinstantaneoufactionaldispatchwe have
thefollowing resultfor a PPSwith bufferlessingresselements:

T p+1 r
_ d — > —
7 an . 7

IN
Q3

<

Theorem 10 (PPS {FractionalDispatth}) &' (0Q,{WC}), X = [SMM],s = Toel

Notethateventhoughthe elements bufferless theredo exist someon-chipbuffersto perform
headerprocessingandto executethe load balancinglogic. Also, with fractional dispatch,the
egresselementstill requiresbuffersfor re-sequencingA work itemin progresss to find the mis-
sequencindpoundfor this algorithm,andhencethe sizeof theegressmemoryin orderto ascertain
if it is small enoughto be implementedon-chip (thereforequalifying the egressalsoasa space
element).Anotheritem [41] is the trade-of betweenbuffers andspeedupwhile usingfractional
dispatchto maintainrelative stability.

S.lyeretal. [33] have shovn thatanOQ switchwith aFIFO disciplinecanbeexactly emulated
by a PPSwith bufferlessingressand egresselementswith the samespeedumasin the lasttheo-
rem. The proposecemulationalgorithm,calledthe centralizedPPSalgorithm (CFA), maintainsa
shadav OQ switch, andfor every incomingcell at time n for the pair (7, j), determineghe time
D(n,i,7) whenthe cell departsn the shadev switch. Recognizinghatatmost|R/r| — 1 paths
attheingress: will bebusyatthearrival time n, anda similar numberat egress; atthe departure
time D(n, i, j), a pathwhich simultaneouslysatisfiesboththe input andoutputconstraintcanbe
foundaslongasK > 2[R/r| — 1. Thereforewe have

Theorem 11 (PPS,{CPA}) ‘2 (OQ,{WC,FIFO}), X =[SMS],s = £

K/2]

A followup result[34] shaved that a distributed variantof CPA, which maintainsthe input
andoutputconstraintandependenthat eachinput, canemulatean OQ switch within a delay of
[ N/s] usingthesamespeedumsabove. However, theegresselemennow requiresabuffer of size
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N K, which canpresumablyjpbeimplementedn-chip.Further it wasshonn thatthe sameamount
of buffersin the ingresselementallows to emulatethe OQ switch, within the samedelay using
no speedupat all. It is importanthowever to note that the emulationschemesieedto maintain
temporallists thatallow to determineghe departurdime.

Note that multi-path switches,in general,suffer from out-of-sequencarrivals at the egress
element.Thisimpliesthatlocal sequenceontrolalgorithmsmightberequired.A summaryof our
findingson open-loopsequenceontrolcanbefoundin [43].

4.5 QoSin Multi-M odule Switches

We now proposea two-phasealgorithnf called switchedfair airport, which enablesQoS provi-
sioningin a multi-moduleswitch. Theideais to useproven f; and f, equivalencesf a switchto
provide isolatedbandwidthguaranteesndfairnessin sharingexcessbandwidth,respectiely, in
a fashionsimilar to an OQ switch, without the needfor exactemulation(fs). Our referenceDQ
switchemploysthefair airportscheduleat eachoutputlink. A guaranteed-Qo&eeAppendixA
for definition) flow f belongingto theinput-outputpair (4, j) is associatedvith araterzg,fj), which
is scheduledusinga non-work conservingpolicy (e.g.,ashapedsirtual clock). Eachflow, includ-
ing best-efort flows, is alsoassociatedvith aweightwg,’;-), which is usedby a work conserving
scheduler(e.g.,weightedroundrobin) to fill up the slotsunusedby the guaranteegbortion. We
assumaa finite buffer size B associateavith eachoutput;j, which usesa fair buffer management
schemgwhich alsoguaranteebuffer allocations).

The switchedfair airport algorithmis a combinationof two phasesthe first that ensuresf;
equivalencewith an OQ switch for a shapedoortion of the flows, andthe secondthatensuresf;
equivalence.We will illustrateits working on a ClIOQ switch, andthendescribeits extensionto
othersingle-pathBufferedClos switches.Consideran N x N CIOQ switch, in which the output
elementemploy the sameperflow fair airportscheduleasin thereferencedQ switch. An input
element containsanon-work conservingscheduleperoutputj, which senesthe k flows for the
pair (i, 7) by shapingthe flow traffic into a guaranteedirtual outputqueue(G-VOQ) Qf-,gj). For
implementatiorpurposesthesequeuesontainonly the occupang counterdor eachflow, andthe
cellscontinueto residein the £ perflow queuesassociatedvith the pair (i, j). Thetotal average
bandwidthinto the G-VOQ s boundas

A9 < 3 il

fe(ig)
In the first phasea maximalsize matching,with speedug?, is usedto matchon the basisof
Q). Dueto the admissibilityof A{Y), over all input-outputpairs, this stepessentiallyprovidesa

virtual bandwidthtrunk of the aggregyatedrateallocationsfor eachpair (7, j). The shapingwithin
eachpair ensureshatthetrunk bandwidthis properlydividedamongthe k flowsin the pair’.

Conjecture 5 Rateshapingof flowsat everyinput-outputpair, followedby a maximalsizematd-
ing is suficientto ensue theindividual flow ratesthroughthe spaceelemenbf a ClOQ.

5We call this schemeswitchedfair airportdueto its resemblancevith thefair airportalgorithm[27] for OQ.
"We have recentlyproved this conjectureto be true, usingthe Clos theorem(surprise,surprise!). However, we
shallcall it aconjecturependingits publication.
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Figure4.8: QoSin CIOQ usingSwitchedFair Airport

In the secondphasethe samemaximalsizematchingaddsconnectionsising SOQF For this
purpose an outputelementmaintainsvirtual input queueoccupanciesy; ;, andaninput element
containsavirtual outputEBS schedulerwhichwhenenabledy anaddedconnectiorin thesecond
phasedistributesthe excessbandwidthaccordingto the sameweighth(fj). The intuition behind
this approachis thatif aninput-outputpair remainsstable(in the strictestsense)whenits total
arrival rateis w; ; timesthe availableexcessbandwidth thena flow within thatpair remainsstable
whenits arrival rateis ng;) timesthe available bandwidthon the outputlink. However, this still

remainsa conjectureaswe have notthoroughlyanalyzedhe schemeyet.

Conjecture 6 The SOQFalgorithm,combinedwith a virtual-outputweight-stieduler maintains
the sameper-flow weightedallocation of the outputlink excessbandwidthasan OQ switc.

Note that SOQF providesthe function of feedbackcontrol from the outputlink scheduletby
giving priority, in the matching to flows whoseservicerateattheinput elemenidoesnot overstep
the servicerateat the outputelement.Note alsothatthe effect of finite buffersis not completely
clear We assumehat a buffer of size B (sameasin eachoutputof a memoryelement)is now
presentin eachof the input and output elementswith the samebuffer managemenschemeto
controltheresiduef scheduling.

Thetwo-phaseswitchedfair airportqueueingstructureis illustratedin Fig. 4.8. Thisapproach
canbeeasilyextendedo CIOQ-A thatshadavs a CIOQ by maintainingthe samequeueingstruc-
ture asabove. Similarly, it may be extendedto CIOQ-P and G-MSM switchesthat emulatea
ClOQ, andto equaldispatchbasedsystemsby usingthe sameratesandweightson eachpathfor
aninput-outputpair. (An elaboratiorof theseextensiongs still in progress.)
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Providing QoS guarantee$or the PPSarchitecturas moreinvolved. Bandwidthguarantees
may be provided by using a flow-basedPPS.However, the throughputaswell asthe fairnessin
the allocationof excessbandwidthis not comparablego an OQ switch. Presumablya paclet-
by-paclet PPSmay be usedwith equalor fractionaldispatchon a per flow basis,with eachcore
elementcontainingthe sameoutputlink schedulerlsthe referenceswitch, with the sameweights
for the subflavs (sinceeachcoreelementecevesnomorethanl/K of theflow traffic). However,
this alsoneeddurtherinvestigation.
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Chapter 5

Conclusions

We addressethe problemof building a high capacityQoS-capabl@aclet switch usingstagesof
lower capacitymemoryandspaceelements.Towardsthat endwe proposeda taxonomyof fully
connectedhree-stageswitchescalled Buffered Clos switches,and provided a formal framewnork
to studytheir performance.Within this framework, we presentedalgorithmsthat provide func-
tional equivalencewith anideal referenceswitch for the aggreatedandpipelinedCIOQ, general
memory-space-memoigwitches,andthe parallel paclet switch architecture.To apply the QoS
methodologie$o multi-moduleswitcheswe introducedthe switchedfair airportalgorithm.

The following are someitemsthat needto be addressed.The SOQFalgorithm needsto be
analyzed,andthe relatedconjecturegproven. The work on PPSneedsfurther investigationto
boundthe mis-sequencingndegressbuffersfor thefractionaldispatchalgorithm.Also, thework
on switchedfair airportis fairly nascenaandneedgo be concluded.

We would lik e to thankDenisKhotimsky andDimitrios Stiliadisfor severalproductve techni-
cal discussion®n this subjectwhich allowedto crystallizesomeof theideaspresentedhere.
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Appendix A
Switching Primer

A.1 Propertiesof Circuit Switches

Circuit switchednetworks rely on dividing the physicalcommunicatiormediainto synchronous
unitscalledchannels For example,in time division multiplexed(TDM) networks,thetime axisof
atransmissionink is dividedinto timeslots while in wavelengthdivision multiplexed(WDM) and
frequeny division multiplexed(FDM) networks,a channekorrespondso a carrierwavelengthor
frequengy, respectrely. A circuitis establishedby pre-determininghepathto betraversedhrough
thenetwork, andassigningchannelsif they areavailable,on thelinks thatcomprisethepath.The
allowed circuit bit rates,the framesizesto be transmittedin eachsynchronousunit, and corre-
spondinglythe size of the unit, aregovernedby digital transmissiorstandardssuchas SDH and
SONET][16] for TDM networks. A circuit switchednodetransfergheframesthatarrive onagiven
channelof aninputlink to a pre-configureacchannelof anoutputlink. Examplesof suchsystems
includeSONET switchesthatemploy electroniccrossbarsandmorerecently wavelengthrouters
basedon opticalcomponentsuchastunablelasersandMicro-Electro-MechanicajMEMS) mir-
rors.

A contentionoccurswhenmorethanoneframearrive atagivenlink atthesameinstant.Since
channelsare allocatedon every network link of the end-to-endpath of a circuit, prior to frame
transmissionthereis no external contentionfor the outputlink resource®f a circuit switch,and
hencenoinherenmnecessityor buffers! to absorlkcontention.Consequentlythe performancenea-
suresof interestarerelatedonly to theadmissibilityof circuits,alsocalledcall-level behavior and
therealizationof internalpaths throughthe switchingnode,for the admittedcircuits. Theformer
is studiedusing so called loss models[61], which characterizecircuit acceptancgrobabilities,
basedon the givenstatisticsof call arrivalsandholdingtimes. A celebratedxampleis the Erlang
losssystemwhich hasbeenusedfor yearsto engineettelepholy networks. Theissueof pathreal-
ization, on the otherhand,dealswith the architectureof the switchingnodeitself. By definition,
a nodeachiaves maximumthroughputaslong as a switching path can be establishedor every
circuit thatis admissiblesolely on the basisof the availablebandwidthof the externallinks. Once
acircuitis admittedandapathis realized theframe-lesel behaior, in termsof theobsenedframe
bandwidthanddelays,is guaranteedavithout additionalmechanisms.

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

1A fixed amountof frame buffers may be usedto corvert from one channelto another e.qg., for interchanging
timeslots,anoperationcalledgrooming



referredto asa matding if eachinputis connectedo no morethanone output,andvice-versa.
A switchis callednon-bloking if internalpathscanbe setup to satisfyarny givenmatching.lt is
saidto be non-blockingin the strict senseaf a pathcanbefoundbetweeranidle input-outputpair
without disturbingthe onesthatsupportary existingmatching.If are-arrangemenif the existing
pathsis necessarandsufiicientto supportthe new pair, the switchis calledre-arrangeablyon-
blocking. All non-blockingswitchesare functionally equivalentin termsof the matchingsthat
they canrealize. Note that while a matchingdetermineghe input-outputpairsto be connected,
pathestablishmentvithin the switch determineghe feasibility of the given matching. In circuit
switchednetworks, boththe sequencef matchingsandthe associateghathsaredeterminedat the
call-level, prior to actualframetransmission.

A trivial exampleof astrictly non-blockingV x M switchingfabricis a crossbathatemploys
N - M electroniccrosspointsgonfigureausingthe currentmatching,in orderto connectV inputs
to M outputs.Thereis a uniquepath,betweenaninput andan output,which is readily available
whenbothareidle. Much of thework in circuit switching[29, 57] addressethe constructionof
a bufferlessfabric usinganinter-connectiometwork of smallercomponentsmotivatedprimarily
by the fact that electroniccrosspointsvere expensve, and their numberin a crossbatincreases
guadraticallywith the size of the switch. Suchnetworks may have internal contentiondue to
commonalityin the internal pathsbetweeninput-outputpairs,andmay employ internalspeedup
to counterblocking, which is definedasthe ratio of the total link bandwidthbetweentwo stages,
to the total externalbandwidth. Examplesof notableinter-connectionnetworks are the Barnyan
network andtheBatchersortingnetwork, whichrequireO (N log N) andO(N log® N) crosspoints,
respectrely. Boththesenetworksareself-routingwith a uniquepathbetweeraninput-outputpair,
andhencedo not requirecentralizedpath set-up,however, the resultingstructureis blocking. A
popularexampleof a non-blockingnetwork, which we shallrevisit on severaloccasionsis the 3-
stage(andrecursve) Clos network, which usesO (N!-%) crosspointsA morecomplex exampleis
a Cantornetwork, which usesO(N log® N) crosspointsand remainsnon-blockingby employing
several planesof a (blocking) sorting network. Indeed,the literaturein the designof bufferless
inter-connectiometworksis fairly rich, yet rigorousdueto the well definedcostparametersind
performanceneasures,e., thenumberof crosspointandblockingbehaior, respectiely.

A.2 Packet Switch Design

Packet switchednetworks do not rely on holding dedicatedink resourcesandon switchingpre-
establishedohysicallayer circuits. Instead,the physicaland link layershave the flexibility to
employ eithersynchronousneanssuchas SONET, or asynchronousnessuchasEthernet,on a
link-by-link basis.Theforwardingdecisionsateachpaclet switchednode,ontheend-to-engath,
aremadeon a perpaclet basis.A paclet maytraversethroughmultiple nodesthatareconnected
to eachotherthroughheterogeneouknk layers,wherea logical link may itself be comprisedof
a physicalcircuit thatspansseveral circuit switchednodes.In connection-orientedetworks such
asATM, thepaclet’ headercontainsa virtual circuit (VC) identifier, which correspondso a flow
andis usedto look up the pathinformation, namely the outputinterfaceto usefor forwarding,
aswell asotherserviceparametersbhoth of which are setup during a signalingphaseprior to
datatransmissionAlternatively, in connectionlessetworkssuchasIP, the network layeraddress

2In ATM, thisis actuallyreferredto asacell. However, we will continueto referto all forwardedunitsas“packets”,
andreseretheterm“cell” for theinternal fixedsizeunit whichis switched.



in the paclet headeris usedto look up a routing table,which maintainsreachabilityinformation
usinga concurrentontrolplane.Flows areidentifiedby a headeffilter, which may be configured
usinga signalingphase(e.g.,asin RSVP[74]) or throughservicelevel agreement$SLA), and
may correspondo rangesof sourceanddestinationraddressegrotocoltypes,and/orapplication
portnumbersin eitherkind of network, aflow maybefine-grainedsuchasa singleVVolP session
configuredvia RSVR or coarse-grainedguchas a permanentATM VC providing connectvity
betweentwo IP subnets. The aggr@atetraffic betweenthe input-outputpairs of a switch may
be consideredasthe flows with the coarsesgranularity asseenby that switch. Sincededicated
resourcesieednot be held for the entirelifetime of a flow, packet switchednetworks, in theory
provide betterutilization dueto statisticalmultiplexing of thelink resources.

The foremostdistinguishingfeatureof a packet switch is the inherentpresenceof external
contentiorfor the outputlink, i.e., severalpacletsdestinedo the sameoutputmayarrive simulta-
neously Thisphenomenoganbesustaineaveranarbitraryperiodof time, resultingin abacklog
of unsenred paclets inside the switch, which needsto be buffered An arriving paclet may be
droppedin responseo congestiorin thefinite amountof availablebuffers,yielding a pacletloss
ratio for the flow. The admittedbacklogis thenscheduledin a choserfashion,which determines
the paclet delaysandtheobsenedflow servicerates.

The traffic presentedo a typical paclet switch consistsof a combinationof guaranteedQoS
flows, for which the traffic profilesandservicerequirementssuchasdesiredaveragebandwidth
and paclet delay bound, are known in adwance,and besteffort flows without ary pre-specified
profile or requirementsGuarantee@oSflows undego a call admissiorcontrol (CAC) procedure
duringthesignalingphase.This proceduraisesthe profile (e.g.,aleaky bucket specificatiori18])
of theflow andtheservicerequirementsin orderto ascertainf theswitchhasenoughresourcesn
thelongerterm,to meetthosespecificationslf successfuleffectivebandwidthandbuffer sizeval-
uesarecalculatedyhich arethenusedto programthe schedulingandbuffer managemergchemes
within the switch so thatthe agreeduponrequirementsnay be honored.In addition, policersat
theinputsof the switch ensurehatthe traffic sourcesadhereto the adwertisedprofiles. Often, the
flows areallowedto violate their profiles,however, the excesscomponenbf thetraffic is treated
on abesteffort basis.While lossmodelg[61], similarto theonesin circuit switching,maybeused
to studythe call-level behaior of the guarantee®@oSflows, andhenceto engineerthe network,
it is ultimatelythe schedulingandbuffer managemenpolicies,i.e., the padket-level behavior that
governthefeasibility of thelongertermcall admissionandtherebythe QoScapabilityof thecho-
senswitch. Ontheotherhand,besteffort flows, which comprisethe majority of the Internettraffic
today do notundepgo similar CAC procedure®r cornventionallossmodelsfor network engineer
ing. Instead empiricalstudieg58, 4] areusedto characterizeéhe statisticalnatureof the flowsin
the chosemetwork segments,which thenyield the expectedamountof effective bandwidthand
buffersrequiredto accommodatéhemin the network nodesandtherebyto engineetthe network.
Consequentlythe performancaneasuresf interestfor the besteffort traffic arerelatedmainlyto
optimality in pacletthroughput.

In summary the primary goalsin the designof a paclet switchednodeis to sustainoptimal
throughput(given a definition of optimality) andto provide preferentiatreatmentjn the form of
schedulingand buffer managementpo specifiedflows, in the presencef externaland (possibly)
internalcontention.



Appendix B
Scheduling and Buffer Management

B.1 Link Scheduling

Consideran OQ switch, composedf a single N x N memoryelement. To enablebandwidth,
delay andfairnesgyuaranteegacletsareenqueuednto separat@erflow queuesat eachoutput,
andaredequeuedisingachoserschedulingoolicy. A flow maycorrespondo asingleend-to-end
connection,or to aggreyatesof several (including best-efort) connectionsdependinguponthe
level at which the scheduleroperates.A simpleinstanceof a scheduleiis the WeightedRound
Robin (WRR) [38] poller, in which eachflow is guaranteec bandwidththat is proportionalto
its weight,andexperiences worst-casdateng equalto the sizeof the WRR frame. Guaranteed
bandwidthaswell asfairnessarelinkedto the sameweight. A popularvariantwhich accountdor
variablepaclet sizesis the Deficit RoundRobin [62] policy.

A classicalrate-basedchemewhich provided a framework for perfectisolation,is thefluid-
modelGeneralized®ProcessoSharing(GPS)[56] schemeEachflow i is associatedvith arater;,
andrecevesaninstantaneouservicerateproportionako thatrate, wheneverit is backloggedThe
scheduleoperatesn awork conservingashion,andconsequentlythe flow rateis guaranteees
long asthe sumof theratesis lessthanthe link capacityC'. Dueto the rate proportionalservice
model, if two flows i and j are continuouslybackloggedn an interval (¢, t;), the amountof
servicerecevedby theflows arerelatedas

Witi,t2) /1 = Wj(t, t2) /75

The GPSschedulehasseveralinterestingoroperties Firstly, asseernfrom theabove equationthe
normalizedservicerecevedby eachflow is equalateveryinstant. Thereforetheexcesshandwidth
is alsodistributedin proportionto the flow rates,leadingto one of the first formal definitionsof
servicefairnessasthe worst-casalifference(betweenary two backloggedlows) in normalized
servicereceved. Secondlyif B(t) is the setof backloggedfiows at time ¢, the instantaneous
servicerate obsered by a non-emptyqueuei is equalto r; - C/ ¥ ;e ;- Thatis, the flow
recevesisolatedbandwidthat every instant, or with zerolateng. Thirdly, the obsened delay
dependsnly uponthe flow’s own arrival processasshavn in B.1. For example,if theflow i is
leaky bucket constrained18] with a bucketsizeof ¢;, thedelayis boundedy o; /r;.

The pacletizedversionof GPS,calledWeightedFair Queueing WFQ) [20], works by essen-
tially simulatinga fluid systemby keepingtrack of the normalizedwork done,alsocalledvirtual
timewv(t) ateverytimeslot. Notethat,in GPS,v'(t) = C/ ¥, gy ri- Onarrival, the kth paclet of
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flow 7 with lengthl? is time-stampedisingits finishingvirtual time £, whichis computedhs:
FF = 1 /r; + max(v(t), FF™")

This policy simulatesGPSwith an addedlateny of (L;/r; + Lnax/C). Several of the subse-
quentpaclet-basedschedulingalgorithmsproposedhe useof approximationof »(t) thatwere
easierto compute put yieldeddifferentdelayboundsandservicefairness For example,in Virtual
Clock [73], v(t) is setto realtime ¢, which leadsto delay boundscomparabldo WFQ but un-
boundedservicefairnessin Self-Cloclked Fair Queueind SCFQ)[26], thevirtual timeis setto the
timestampof the currentlysened paclet, yielding the bestfairnesgpropertiesamongGPS-related
schedulersbut a delayboundwhich is O(n), wheren is the numberof flows. A generaimodel
for paclet-basedschedulerscalledrate proportional[64] seners,waslater devisedshaving that
ary schemein which v(¢) grows atleastasfastasreal time, but always underestimatest with
respecto a GPSsener, hasthe sameaddedateny asWFQ, with the servicefairnessdependent
only on the extent of underestimation.Examplesof suchschemesncludethe Virtual Clock and
Frame-Based#rair Queueing FFQ)[65].

The notion of worst-casefairnesswasintroducedin [2], especiallysuitedfor hierarchical3]
(seeFig. B.2(a))anddistributedschedulersandwasdefinedastheworst-casenter-servicetime. It
wasshowvn thattheaddedateng obsenedby apacletis equalto thesumof theworst-casdairness
indicesof theintermediatenodes.In contrasto all the above schemesn which fairnesss tied to
the associatedate, the Fair Airport [27] algorithmallowedto decouplethe schedulelinto a non-
work-conservingguaranteedandwidthschedule(GBS) (e.g., shapedVirtual Clock) to ensure
ratesanddelays,andawork conservingexcessbandwidthschedule(EBS) (e.g.,WRR) asshown
in Fig. B.2(b). For the purpose®f thiswork, we will assumeheexistenceof animplementablg9]
link schedulingschemewhich providesa methodto isolatebandwidthon a specifiedtime-scale,
andto distribute excessbandwidthaccordingto pre-specifiedveights. The mostrecentwork in
link schedulings primarily focusedon the statisticalcharacterizatiomf GPS-base@dndEarliest
DeadlineFirst (EDF) schedulersaswell asmore complicatedservicecurves,andis beyondthe
scopeof thiswork.
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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 resourcen amemoryelementwe mayview buffer managemerasa mechanisnto control
theresidueof schedulingo enableunhindeedperformancef theabore bandwidthschedulershy
selectvely admittingpacletsinto thefinite memory Thereforewe identify three,oftenconflicting
goals: (i) to provide isolationto guaranteedoSflows; (ii) to allow fair accesdo the available
buffers, in orderto supportfair scheduling;and (iii) to maintainhigh throughputby sharingthe
availablebuffersamongthesenedflows. Muchlik e theliteratureon schedulingthe primaryfocus
hasbeenon OQ switchesandtheapplicationto otherswitchdesigngs still immature.

Thenotionof isolation,in thecontext of buffers,is well defined.Givenatraffic profile,whichis
readilyavailablefor guarantee®@oSflows,andaservicerate,a buffer sizeb; maybecalculatedor
eitherzerolossfor regulatedtraffic (e.g.,o; plusthescheduletateng for aleaky-bucketregulated
sourcesenedby avirtual bandwidthtrunk with servicerateequalto thetokenrate)or a specified
lossratio for statisticaltraffic (e.g.,usingthetail of the distribution of a queue).Oncethe sizeis
computedjt canbetotally isolatedby usingthe completepartitioning [32] schemein which b; is
dedicatedo flow ; with Y, b; < B, the total buffer size. A paclet which causesa queuelength
to exceedthis sizeis droppedon arrival. Thisis a specialcaseof staticthresholding[24, 47], in
which the sumof sizesmay be allowed to exceedthe total buffer size. While the latter doesnot
provide perfectisolation,it allows to sharethe buffers (in alimited way) by utilizing a knowledge
of theinter-dependenciegf arrival processes.

While theconcepbf fairnesss well establishedor link schedulerghe samecannotbesaidfor
fair allocationof buffersto storetheresidueof the excess-bandwidtkraffic senedby a scheduler
dueto alackof arrival traffic characterizationConsequentlyanequalaccesso thebuffersis often
consideredair, andmay be achieved by staticthresholding.However, the throughputdecreases
with respectto the casewhen eachflow hasfull accesdo the available memory The dynamic
thresholdingschemg15] aimsto equalizethe queuelengths,while increasinghe throughputby
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dynamicallychangingthe allocation,sothatthe total queudengthmay alwaysapproactthetotal
buffer size. Thethresholds calculatedasa timesthe currentfree spaceandweightedaccessnay
be offeredby choosingdifferentvaluesof «.

In contrastto the above schemesall of which are arrival-drop policies, the push-out[25]
schemeallows to maintainfull buffer occupang, and hencethe highestthroughputfor a given
B, with exactly equalallocationsto eachbackloggedlow. This is achieved by expelling an al-
readyenqueuegaclet from the queuewith the longestlength. The choiceof the paclket within
thelongestqueues flexible, e.g.,in [67], it is suggestedhatdroppingthe headpacletis themost
beneficialfor TCP flows. In fact,dynamicthresholdingmay be considerechsan arrival-dropap-
proximationof push-out.Anotherattractve propertyof push-outschemess thateventhe portion
of memoryproviding isolatedallocationsmay be completelyshared,by slightly modifying the
push-outriterion. Whenthe buffer is full, a pacletis expelledfrom a queuewhoselengthis the
greatesbver a specifiedthreshold.Inspiteof suchpropertiespush-ouis difficult to implementat
wire speedssinceit requireghemaintenancef sortedqueudengthsandanextramemoryaccess.
Thedynamicpartitioning schemd45], canindeedbe consideredsanarrival-dropapproximation
of push-outwith thresholds.

Thereare several schemeghat enforceintra-queuefairnessjn which a single FIFO queueis
composedf pacletsbelongingto several best-efort flows. By essentiallyregulating the entry
of pacletsbelongingto differentflows into the samequeue,suchschemeslso may be viewed
assingle-FIFOschedulingschemessthey control the fraction of the total queuebandwidththat
eachflow receves. Popularexamplesare RandomEarly Detection(RED) [23] andits several
subsequentariants,aswell astherecentAQM schemesln our framawork, if severalflows share
thesamegueuewe assumehatsomesuchalgorithmis alsopresentjn additionto theinter-queue
scheme®f ourinterestandwe shallnot elaborateon their effects.

Vi



Appendix C

Proofs of Theorems

C.1 Single-Path Switches

Theorem 1

(CIOQ-A, {Maximal Size}) "Z* (0Q, {WC}), s =2
Proof: Let i, j beaninputandoutputelement(notinterface),respectrely. Let Ay« betherate
matrix of the switch. Sincefor f,, we assumehattheratesareadmissiblewe know that

VZZ)‘M <1, VJZ)\ZJ < 1.
i %

Composenaggr@ateratematrix A\, ,, whichaddsup therateson eachinputandoutputelement

asfollows:
1<%

k<Xi
Vi, j A= D S Ak
k=X (i-1)+1 =8 (G-1)+1
Dueto the admissibility of the original rate matrix, andthe summationabove, we caneasilysee
that
Vi) X\ ; <N/P, ¥j> X ; < N/P.
J 2

If we re-normalizetime so that eachtimeslotnow is ﬁ times the external timeslot, thenthe
ratesbecomeadmissiblefor the smallertimeslot (fastertime). Consequentlyaccordingto [19],
a maximalsize matchingalgorithmwith a speedupf 2 is sufficient to ensurethe stability of the
queuesn the system. Sincethe spaceelementoperatesat a frequeng of sN/P, it follows that
s = 2 is sufficientfor functionalequivalenceatlevel f,.

Theorem 4
T,f2

(CIOQ-R {EqualDispatch,Maximal Size}) =~ (0Q,{WC}), s=2

Proof: Leti, j beaninputandoutputinterface,respectrely. Let Ay y betheratematrix of the
switch,whoseadmissibilityleadsto

VZZ)"L,] <1, VJZ)\Z:] < 1.
J %
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Let /\( ) pethe averagearrival rateinto the per pathVOQQ . Sinceaninput-outputtraffic flow
is d|str|butedequallyamongall the perpathVVOQsfor thatpalr we have

Vk{\ﬁz/\(’“ < 1/K, WZA““ <1/K}

J

We re-normalizeime sothateachtimeslotis now K timestheexternaltimeslot.Dueto theabove
inequality the ratescontinueto remainadmissible anda maximalsize matchingalgorithm[19]
with a speedumf 2 on thelargertimeslotis sufficient to ensurethe stability of eachof the VOQs
for eachof thepath.Sinceeachspaceelemenbperatestafrequeng of s/ K, it followsthats = 2
is sufficientto ensurerelative stability with anOQ switchfor admissiblerates.

C.2 Multi-path Switches

Theorem 9

:f3

(PPS {FractionalDispatc}) %" (0Q,{WC}), X =[MMM],s > &l

R/r
Proof: By the definition of the fractionaldispatchalgorithm,the averageratefor aninput-output

pair (i, 7) in coreelementk is givenby:

1
< )

H
Consequentlythetotaltraffic destinedo anoutputj, whichis stablein areferenceDQ switchcan
be calculatedasfollows:

Y]

Z /\z(',k;') < ﬁ Z Aij

=y

Tr] =

]
Thereforethe outputj in eachcoreelementk is alsostable therebyestablishingelative stability
in the strict sense.Note that the proof continuesto hold whenthe traffic to the input-outputpair
(4, j) is lessthanw; ; R, in which casethe samefor eachcoreelementecomedessthanw; jr. In

otherwords,thefractionaldispatchalgorithmis alsosufficientfor relative stability in the strictest
sense.
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