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Abstract
Inputbufferedswitchesareknown to suffer from head-of-line(HOL) blockingthatlimits thethroughputto approximately
58.6%.It hasbeenshown that100%throughputcanbeachievedwith virtual outputqueueing(VOQ)andanarbitration
algorithmthatcontrolstheaccessto theswitchfabricin eachtimeslot. No weight-dependentalgorithmwasknown that
supportspriorities,whicharenecessaryfor theisolationof connectionswith differentQoSrequirementsin ATM or IPv6
switches.In thispaperweshow how aweightedmatchingcanbeextendedto supportprioritiesin orderto separateCBR,
VBR andABR traffic. Thenumberof bitsperpriority is exposedasthemainparameter. Basedonsimulationresultsthe
priority performanceis evaluatedfor theidealalgorithmandanapproximationSIMP which offersa delayperformance
closeto theidealmaximumweightmatching.

1 Intr oduction

Broadbandswitchesfor ATM andIPv6 areneededto build the futurebackbonenetworks. Amongtheswitchingarchi-
tecturesinputqueuedswitchesarethemostpowerful becausetheaccessrateof crossbarandbuffer memoryis nothigher
thanthe line rateof theconnectedlink. For theclassicalFIFO queueorganizationit is known thatdueto head-of-line
blockingthemaximumthroughputis approximately58.6%[1]. A differentorganizationcanavoid blockingby bypassing
cellsdestinedfor freeoutputports.ThusVirtual OutputQueueing(VOQ) [2] is mandatorywhereeachinput managesa
separatequeuefor eachoutput(fig. 1). It hasbeenshown thata throughputof 100%canthenbeachieved[3, 4, 5].

Arbitration algorithmsareusedto control the accessof queuesto the switch fabricby resolvingthe contentionfor
the sameoutputports in eachtime slot. The achievablethroughputanddelayperformancedependson the arbitration
algorithm.Weightedalgorithms[4] offer amuchbetterdelayperformancethanunweightedor single-iterationdistributed
algorithms[6]. The recentliteratureoffers someattractive methods,but the problemof priorities hasnot beentreated
sufficiently. In facteitherweightedsingle-priority[2] or unweightedprioritized[7] algorithmsexist.

For providing Quality-of-Service,asrequiredfor ATM or proposedfor IPv6, it is unavoidableto enforcea priority of
real-timeoverbesteffort connections[8]. A staticpriority schememustbeestablished,wherelowerpriority (data)traffic
hasnonoticableinfluenceona higherpriority (real-time)traffic.

In thispaperweextendtheconceptof weightedmatchingto supportprioritieswithout increasingthecomplexity of an
arbitrationalgorithm.Theideais a weightedsummationof partialweightsthatareheldperpriority. Thepartialweights
aremappedby several functionswhich we discussandcompareby simulation. Thenumberof bits usedfor thepartial
weightsis exposedasthemainparameter.

In addition we offer a new weightedarbitrationalgorithm that supportsthe priority conceptand asymptotically
achieves100%throughput.Resultsareshown for uniform andnon-uniformworkloadandbursty traffic. We show that
thedelayperformanceis comparableto thebestknown alternativealgorithms.

Thepaperis organizedasfollows. Section2 discussescurrentknowledge.Prioritiesareintroducedin section3. The
SIMParbitrationalgorithmis explainedin section4. Section5 containsnumericalresults.

2 Background and RelatedWork

While a FIFO queueorganizationis commonlyassumedfor input-queuedswitches,we usethe VOQ configuration[2]
shown in fig. 1 thatconsistsof M portsfor inputandoutput,anonblockingswitchfabricandanarbitrationunit. Arriving
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Figure2: Bipartitegraphmatching

0

10

4

3

10

0

8

12

4

2

0

2

5

6

9

0

input port

output port

input port

output port

0

1

2

3

0 1 2 3 0 1 2 3

0

1

2

3

Figure3: typicalmatch
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Figure4: badmatch

cellson inputport i areplacedinto thecorrespondingqueuefor theirdestinationporto. Its currentqueuesizeis qi 	 o. The
processof arrivalsto thisqueueis characterizedby ameanrateλi 	 o (normalizedto theline rate).Theloadis admissible[2]
if



o : ∑M � 1
i � 0 λi 	 o 
 1 and



i : ∑M � 1

o� 0 λi 	 o 
 1 In eachtime slot thearbiterselectsuniquepairsof input andoutputports(a
”match” � i � o� ) basedon informationsentto it from theinputports.

This taskcanbeviewedasa bipartitegraphmatchingproblem[2] asshown in fig 2. A numberof algorithmsexist
to solve it optimally, eitherasa maximumsizematching(MSM) or a maximumweight matching(MWM) [9]. MSM
findsa matchwith themaximumnumberof input-outputconnectioncrosspoints.MWM findsa matchwherethesumof
the weightsof the crosspointswi 	 o aremaximum. For the weightchosenaswi 	 o � qi 	 o thealgorithmis called”longest
queuefirst” (LQF) in [4], andit hasbeenshown that100%throughputcanbeachievedfor all admissiblei.i.d. arrivals[4]
with MWM. Withoutweightinformation,aswith MSM, instabilityandunfairnessarelikely, becausequeuebacklogscan
accumulateandcell delaysbecomevery largefor burstyor asymmetricload.

Algorithmsfor solving theMWM problemoptimally arecomputationallycomplex. They take O � M3logM � andare
muchtoo complex for a hardwareimplementation[5]. A numberof alternativeshave beenproposed,suchasMCFF
and iMCFF [5], iLQF [3] or the analogMUCS [10]. Even the unweightedMSM problemis ratedO � M2 � 5 � . MSM
approximationsexist with PIM [6], iSLIP [3]. A numberof implementationsof unweightedmatchingexist, e.g. [11]
or [7, 12] basedon iSLIP. Complexity statementsmustbeinterpretedwith care.Thebestiterative unweightedalgorithm
takesO � M logM � serialor O � logM � paralleltime steps,while thehardwareareatakesO � M4 � . Prioritieshave beenused
with iSLIP andESLIP[7, 12], but aswith everyunweightedalgorithmthedelaybecomeslargefor burstyor asymmetric
load.

Obviously an internal speedupcan make the algorithmseasieras shown in [13, 14, 15, 16], but this reducesthe
availabletimefor switching,memoryaccessandthearbitrationalgorithm.Multicastis not treatedhere,becauseit canbe
handledin aseparatestepandby usingfanoutsplitting [7].

So far therehasbeenno explicit treatmentof priority classeswith input-queuedswitchesandweightedmatching,
wherethegoalis theindependenceof theperformanceof onetraffic classfrom thoseof lower priorities[17] aswell asa
smallcell delay.

Becauseof thecomplexity of theM2-dimensionalstatespaceananalyticaltreatmentis not in reach.In theliterature
only unweightedalgorithmsaretreated[3, 18], or theassumptionssimplify it to anOQmodel[19].

3 Intr oducingPriorities for WeightedArbitration Algorithms

Weightedmatchingalgorithmscanachieve full throughputunderadmissibleload [4]. However, with differentpriority
classesastableoperationcannotbeguaranteed.In factanadmissibleloadof higherpriority cell streamscannevertheless
leadto unboundeddelayif lowerpriority (besteffort) connectionsexperiencecongestion(highqueueweightwi 	 o). When
a smallerweightonanotherport representsreal-timecellsonly, they have to suffer.

Thegoal is to have no influenceof lower priority queueweightsover higherpriority weights. A three-dimensional
extensionof the known weightedmatchingalgorithmsis discardedbecauseof the complexity. We aim for a method
operatingin two dimensionsonly.

Considera queueorganizationasshown to fig. 1 andassumethequeuesareadditionallyseparatedperpriority (with
P priority levels,1=highest).Let thequeuestateson input i, outputo andpriority level p beqi 	 o 	 p. Thearrivalsto these
queuesarecharacterizedby a meanrateλi 	 o 	 p. All weightedmatchingalgorithmsoperateon a two-dimensionalweight
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wi 	 o. Thereforewemap � qi 	 o 	 p � to � wi 	 o � in a specialway. Thesimplestcaseis wi 	 o � ∑P
p� 1qi 	 o 	 p (nopriority support).

Thekey ideaof thesimplificationproposedin thispaperis to usethefollowing mappingfunction(modifiedweighted
summation)to reduceqiop to atwo-dimensionalformatthatcanbehandledby any weightdependentarbitrationalgorithm.

wio � P

∑
p� 1

cp � f � qiop � (1)

cp � P � 1

∏
q� p� 1

kq � P � 1

∏
q� p� 1

2bq (2)

Thecoefficientscp arecomputedin eq.2 suchthattheweightof a queuewith priority p is kp� 1 timeshigher(bp� 1 bits)
thanthatof thenext lowerpriority p � 1. For thefunction f � qiop � thealternativesare

f1 � qiop � � qiop (3)

f2 � qiop � � sat � qiop � kp � (4)

f3 � qiop � � compand� qiop � (5)

sat � x � s� ��� x i f x 
 s
s � 1 i f x � s

�
(6)

For example,P � 3;bp � 3 � kp � 8;q1 � 2 � 010b � q2 � 5 � 101b � q3 � 15 � sat � q3 � 8� � 111b � w � 010101111b.
With thismechanismprioritiesaresupportedbecausequeuedcellsof a higherpriority aregivena higherweightwi 	 o.

We now have the choiceof a numberof parameters.The numberof bits per priority bp representsthe dynamicrange
within the classandallows scalingfrom MSM (bp � 1) to MWM (bp � ∞). The secondchoiceis the monotonous
nonlinearscalingfunction f .

A sufficientpriority separationfor f � f1 is achievedif theprobabilityof a lowerpriority queuebeingfilled with more
thankq cellsis low, i.e. qi 	 o 	 p shouldnotexceedkq � qio � p � 1 atany time1. A completeseparationcanbeforcedif saturation
is usedfor f � f2 (eq.4). If awidedynamicrangeis necessary(e.g.for burstytraffic) but bits for thewordlengthmustbe
saved,acompandingcharacteristic2 (eq.5) canadditionallybeused.Thereforetheintegernumbers0 !"! 2bv � 1 aremapped
to 0 !"! 2bp � 1 by a monotonicnonlinearfunctionwith a decreasingslopeandsaturationbeyondthe interval � 0 !"! 2bv � 1� .
Thefollowing compandingfunctionis consideredmostsuitable:

fcompand � wiop � �
#$ % 0 : wiop � 0&

log2 � wiop � � 1' : 0 
 wiop 
 2bv

2bp � 1 : wiop � 2bv

(7)

which requires2bp � 1 � &
log2 � 2bv � 1� � 1' or 2bp � 1 � bv. Themosteffective valueis bp � 3 bit offering a dynamic

rangeof bv � 7 bit (fig. 6), whichhasshown to besufficientfor goodresults.Theoperationcanverywell beimplemented
in hardware,sinceonly thepositionof thehighest1 bit mustbedeterminedfor the log2 operation.

In theport a scheduler(staticpriority, HOL) mustreactproperlyto the instructionsof thearbiter, i.e. it mustsenda
cell with thehighestpriority availablein thecasethatcellsof morethanonepriority areavailablefor thespecifiedoutput
port,but only agloballyprioritizing arbitrationcanachievethecorrectseparation.

4 An Approximation for WeightedArbitration

As onelow complexity methodto achieveweightedmatchingby approximatingMWM, theSIMP(successiveincremental
matchingovermultipleports)algorithmis explainedin thissection.

WeobservethatSIMPapproximatesMWM by successively choosingtheedgewith thehighestweightfor eachoutput
nodein order. This resolvestheoutputcontentionproblemfor eachport in a cyclic manner. It cannotgenerallyfind the
globalmaximumMWM wouldfind. VisuallywecanimaginethatSIMPonly considersonetriangularhalf of theweight
matrix, insteadof thewholeaswith MWM. Dueto thecyclic shift of thisviewport thenumberof weightsconsideredfor
aspecificoutputport changescyclically from 1 to M. As weseein section5 theapproximationyieldsreasonableresults.

1Fig. 5 shows anexamplewherePr ( qiop ) 28 *,+ 5 - 10. 5

2similar to theµlaw usedfor speechcoding
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Algorithm ,,SIMP”
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Figure6: proposedcompandingfunction fcompand (bv � 7)

This algorithmloopsover M outputports,needs� M � 1� !<! 0 comparisonsperoutputport, so theoverall complexity
is M � � M � 1�>= 2� sequentialoperations(O � M2 � ). In hardwarewe needoneM-port-comparatorof complexity log2M
for M iterations,i.e. O � M log2M � paralleloperations.Thehardwarecomplexity is M2 dueto thememoryneeded.For
comparison,iLQF [3] has2M timesmorecomparatorsin parallel,thusreducingthecalculationtime. But thedecision
dependenciesarebrokenanda considerablenumberof iterationsis neededto achieve100%throughput.

Typically the situationlooks like fig. 3 left in the ports. Thenumberson the chessboardrepresentthe weight3 wio.
Usingthealgorithmabove(startingwith o � 0) wesuccessively matchtheportcombinations1 � 0, 3 � 1, 0 � 2 and2 � 3
asshown in fig. 3 right. Thediagonalelementshavecontentzero,becausecellsarenotroutedin andoutthroughthesame
port. Considerfig. 4 whereafterM � 1 correctmatchesa matchin the lastcolumnwould only bepossibleon anempty
diagonalposition.Thiscanoccurhere,but this is alsothematchfoundby MWM!

5 PerformanceResults

In thissectionwecomparetheperformanceresultsfor referencealgorithmsoutputqueueing,MWM, iSLIP4, PIM, iMCFF
with SIMPusingsimulationsfor an16x16switchwith OPNET[20].

With Bernoulli traffic anda symmetricallychosendestination5, eachinput port carriesa total offeredloadof ρ, i.e.
λi 	 o � ρ =?� M � 1� .

Burstytraffic is importantfor many reasons.Accordingto [21] weusea packet trainmodelproducingaburstof B � t �
cellsat full ratefollowedby emptyslotssuchthatthemeanrateλi 	 o � ρ =?� M � 1� is thedesiredfractionof theinput rate.
B is exponentiallydistributedhere;themeanburst lengthB̄ is 32. This correspondsto the meanlengthof anEthernet
PDUsegmentedinto ATM cells.

In fig. 7 theresultsfor PIM andiSLIP areasin [21]. Thebestcaseis outputqueueingwhichwewantto approximate
with VOQ. The ideal arbitrationfor VOQ is MWM which most closely approximatesoutput queueing. As we see,
iMCFF performsworsethanSIMP. Theperformanceof SIMPis in betweeniMCFF andMWM. Simulationsresultsfor a
stablemarriagealgorithmcomecloseto iMCFF andareomittedhere.

In fig. 8 weseethedelayperformancefor theburstyscenario.Themostimportantcharacteristicsare:(i) theabsolute
delay is two decadeshigher than for the previous scenariodue to the burst scalequeueingeffect and the short-term
asymmetries.(ii) PIM andiSLIP performsimilarwith morethan300cell transmissiontimesaboveρ � 0 ! 6, i.e. noticably
worsethantheotheralgorithms.(iii) As before,iMCFF, SIMP, MWM andoutputqueueingarequitecloseto eachother
with improvedperformance(lessdelay)in ascendingorder.

We observe that thealgorithmsthat decidebasedon weights(iMCFF, SIMP, MWM) performvery well for typical
traffic.

Whenusingthefirst priority mechanismf1 themainparameterfor achieving priority separationis thepriority weight
factorkq � 2bq (bq shift bits). Theothertwo degreesof freedomin thechoiceof traffic parametersmanifestin ρtotal �

3typicalheavy loadsituationwith all queuesfilled significantly
4hereonly 1 iterationshown
5amongthe15portswith adifferentport number
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ρ1 B ρ2 andsp1 (shareof first priority cells)with ρ1 @ sp1 C ρtotal andρ2 @ED 1 F sp1 GHC ρtotal . Thebehavior for two priority
classes6 canbeseenin fig. 9, whereρ1 @ 0 A 2 is heldconstantandρ2 is variedasburstytraffic. Weseethatthereis almost
no influenceof thelower priority loadon thehigherpriority performancewhensevenor morebitsareused.As theCDF
in fig. 5 shows,theprobabilityof a weightoverflow is low then.

To analysequantitatively how many bits bp areneededwe studythe meandelayfor bothpriority groupsat a fixed
loadρ @ 0 A 7 anda fixedratio sp1 @ 0 A 2 asa functionof differentbp. Thefixedvaluesusedhave revealedto bethemost
expressive.

In fig. 10 and11 we seethatfor Poissontraffic theresultwith aboutbp @ 2 bits is quitecloseto bp I ∞. For bursty
traffic fig. 12and13showsthataboutbp @ 6 bitsareneededto fully separatethepriorities.Wecanverify in fig. 10and12
andthatwith enoughbits d̄prio1 @ 0 A 2slots at loadρ1 @ 0 A 2. This is exactly thedelayfor MWM with ρ @ 0 A 2 in fig. 7.
Thuswehaveanexactpriority separation.Thehigherpriority traffic performancedoesonly dependon its total load.The
valuesfor SIMPareshown in fig. 13.

The rules for the necessarybp dependon the traffic in priority p (fig. 5). This is not desirable,so we apply the
deterministicseparationby saturation(eq.4),whereno overlappingis possible,i.e. wio J pK 1 cannotbecomehigherthan
2bp. We losesomeof theweightdynamicsin thispriority becausethevaluespossiblearein theinterval L 0 M 2bp F 1N . Thus
with bp we canalsoadjusttheperformancewithin a priority betweenthatof MWM (bp I ∞) andMSM (bp @ 1). Note
thatthishasaninfluencealsoon thesensibilityto asymmetry.

For the burstyscenariowe observe in fig. 14 that now the separationis muchimproved for 1 A<A 5 bits. Thereis still
someinfluencetypical for MWM7. We canevenchooseonebit perpriority andachievea considerableseparation.This,
however, ignoresall weightswithin a priority level andyieldsa badperformanceunderasymmetricworkloadasMSM
does. In fig. 15 we finally observe the very bestseparation.Here threebits aresufficient for a completeseparation,
whereasthedynamicsis asgoodaspureMWM.

6 Conclusion

In thispaperweshow how aweightedarbitrationalgorithmcanbeusedto supportprioritiesandoffer performanceresults
for two priority classesusingMWM or our SIMP algorithm.Thediscussionof thenumberof bits neededto representa
weightis animportantsteptowardsimplementation.Asaresult,usingthreebitsperpriority andtheproposedcompanding
functionis sufficient for acompletepriority separation.
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