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Abstract

Inputbufferedswitchesareknown to suffer from head-of-ling HOL) blockingthatlimits thethroughputo approximately
58.6%.It hasbeenshavn that100%throughputcanbe achieved with virtual outputqueueingVOQ) andanarbitration
algorithmthatcontrolsthe accesdo the switchfabricin eachtime slot. No weight-dependerglgorithmwasknown that
supportgriorities,which arenecessarfor theisolationof connectionsvith differentQoSrequirementin ATM or IPv6
switches.n this papemwe shav hov aweightedmatchingcanbe extendedo supportprioritiesin orderto separat€BR,
VBR andABR traffic. The numberof bits per priority is exposedasthe mainparameterBasedon simulationresultsthe
priority performancas evaluatedfor the ideal algorithmandan approximationSIMP which offers a delayperformance
closeto theidealmaximumweightmatching.

1 Intr oduction

Broadbandswitchesfor ATM andIPv6 areneededo build the future backbonenetworks. Among the switchingarchi-
tecturedgnput queuedswitchesarethe mostpowerful becaus¢heaccessateof crossbaandbuffer memoryis not higher
thanthe line rate of the connectedink. For the classicalFIFO queueorganizationit is known thatdueto head-of-line
blockingthemaximumthroughpuis approximatel\68.6%[1]. A differentorganizatiorcanavoid blockingby bypassing
cellsdestinedor free outputports. ThusVirtual OutputQueueingVOQ) [2] is mandatorywhereeachinput manages
separatgueuefor eachoutput(fig. 1). It hasbeenshovn thatathroughpuiof 100%canthenbe achieved|[3, 4, 5].

Arbitration algorithmsare usedto control the accesof queuedo the switch fabric by resolvingthe contentionfor
the sameoutputportsin eachtime slot. The achievablethroughputand delay performancelependson the arbitration
algorithm.Weightedalgorithmg[4] offer amuchbetterdelayperformancehanunweightedr single-iteratiordistributed
algorithms[6]. The recentliteratureoffers someattractve methodsbut the problemof priorities hasnot beentreated
sufficiently. In facteitherweightedsingle-priority[2] or unweightedorioritized[7] algorithmsexist.

For providing Quality-of-Serviceasrequiredfor ATM or proposedor IPv6, it is unavoidableto enforcea priority of
real-timeoverbesteffort connection$8]. A staticpriority schemenmustbe establishedwherelower priority (data)traffic
hasno noticableinfluenceon a higherpriority (real-time)traffic.

In this papemwe extendtheconcepbf weightedmatchingto supportprioritieswithoutincreasinghe complexity of an
arbitrationalgorithm. Theideais a weightedsummatiorof partialweightsthatareheld perpriority. The partialweights
aremappedy several functionswhich we discussand compareby simulation. The numberof bits usedfor the partial
weightsis exposedasthe mainparameter

In addition we offer a new weightedarbitration algorithm that supportsthe priority conceptand asymptotically
achieres100%throughput.Resultsareshavn for uniform andnon-uniformworkloadandbursty traffic. We show that
thedelayperformancés comparablédo the bestknown alternatve algorithms.

The paperis organizedasfollows. Section2 discussesurrentknowledge.Prioritiesareintroducedn section3. The
SIMP arbitrationalgorithmis explainedin sectiord. Section5 containsnumericalresults.

2 Background and RelatedWork

While a FIFO queueorganizationis commonlyassumedor input-queuedwitches we usethe VOQ configuration[2]
shavnin fig. 1 thatconsistof M portsfor inputandoutput,a nonblockingswitchfabricandanarbitrationunit. Arriving
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cellsoninputporti areplacedinto the correspondingjueuefor their destinatiorporto. Its currentqueuesizeis g o. The
proces®f arrivalsto thisqueuds characterizetlty amearratel; , (normalizedo theline rate). Theloadis admissiblg2]
if Vo: yMM Ao < Landvi: $M Ao < 1 In eachtime slot the arbiterselectsuniquepairsof input andoutputports(a
"match” (i,0)) basedninformationsentto it from theinput ports.

This taskcanbe viewed asa bipartite graphmatchingproblem[2] asshawvn in fig 2. A numberof algorithmsexist
to solwe it optimally, eitherasa maximumsize matching(MSM) or a maximumweight matching(MWM) [9]. MSM
findsa matchwith the maximumnumberof input-outputconnectiorcrosspointsMWM findsa matchwherethe sumof
the weightsof the crosspointsw; o aremaximum. For the weightchosenasw; o = g; o the algorithmis called”longest
queusfirst” (LQF) in [4], andit hasbeenshovn that100%throughputtanbeachievedfor all admissiblé.i.d. arrivals[4]
with MWM. Withoutweightinformation,aswith MSM, instability andunfairnessarelik ely, becausgueuebacklogscan
accumulatendcell delaysbecomevery largefor burstyor asymmetridoad.

Algorithmsfor solvingthe MWM problemoptimally are computationallycomplex. They take O(M3logM) andare
muchtoo comple for a hardwareimplementatior{5]. A numberof alternatveshave beenproposedsuchas MCFF
andiMCFF [5], iLQF [3] or the analogMUCS [10]. Even the unweightedMSM problemis rated O(M?®). MSM
approximationsxist with PIM [6], iSLIP [3]. A numberof implementation®f unweightedmatchingexist, e.g.[11]
or[7, 12] basedniSLIP. Compleity statementsnustbeinterpretedwith care. The bestiterative unweightedalgorithm
takesO(M logM) serialor O(logM) paralleltime stepswhile the hardwareareatakesO(M#). Prioritieshave beenused
with iSLIP andESLIP[7, 12], but aswith every unweightedalgorithmthe delaybecomedargefor bursty or asymmetric
load.

Obviously an internal speedupcan make the algorithmseasieras shovn in [13, 14, 15, 16], but this reducesthe
availabletime for switching,memoryaccess&ndthearbitrationalgorithm.Multicastis nottreatechere becausét canbe
handledn aseparatestepandby usingfanoutsplitting [7].

So far therehasbeenno explicit treatmentof priority classeswith input-queuedswitchesand weightedmatching,
wherethe goalis theindependencef the performancef onetraffic classfrom thoseof lower priorities[17] aswell asa
smallcell delay

Becausef the compleity of the M2-dimensionabtatespacean analyticaltreatmenis notin reach.In theliterature
only unweightedalgorithmsaretreated3, 18], or theassumptionsimplify it to anOQ model[19].

3 Intr oducing Priorities for WeightedArbitration Algorithms

Weightedmatchingalgorithmscanachieve full throughputunderadmissibldoad [4]. However, with differentpriority
classes stableoperationcannotbe guaranteedn factanadmissibldoad of higherpriority cell streamsannevertheless
leadto unboundedielayif lower priority (besteffort) connectiongxperiencecongestior(high queueweightw; o). When
asmallerweighton anotherport representseal-timecellsonly, they have to suffer.

The goalis to have no influenceof lower priority queueweightsover higherpriority weights. A three-dimensional
extensionof the known weightedmatchingalgorithmsis discardedecauseof the compleity. We aim for a method
operatingn two dimensionnly.

Considera queueorganizatiorasshavn to fig. 1 andassumehe queuesareadditionallyseparategber priority (with
P priority levels, 1=highest).Let the queuestateson inputi, outputo andpriority level p beg; o p. Thearrivalsto these
queuesarecharacterizedly a meanrateA; o p. All weightedmatchingalgorithmsoperateon a two-dimensionaiveight



Wi o. Thereforewe map[q o,p] to [Wi o] in aspecialway. Thesimplestcases w; o = Z;P)=1 0i,o,p (NO priority support).
Thekey ideaof thesimplificationproposedn this paperis to usethefollowing mappingfunction(modifiedweighted
summationjo reduceyop to atwo-dimensionalormatthatcanbehandledy ary weightdependerarbitrationalgorithm.

P
Wio = Z Cp- f(Qiop) (1)
p=1
P-1 P-1
g=p+l  g=p+l

Thecoeficientsc, arecomputedn eq.2 suchthatthe weightof a queuewith priority p is kp1 timeshigher(bp,1 bits)
thanthatof thenext lower priority p+ 1. For thefunction f(gjop) thealternatvesare

f1(Giop) = Giop (3)

f2(diop) = S& (Giop; Kp) 4)
f3(diop) = compand(diop) )
sax9={ "1 iy xso} (6)

For example,P = 3;by = 3=k, = 8,01 = 2= 010y,02 = 5= 101,03 = 15= sa (03, 8) = 111, = w=010101113.

With this mechanisnprioritiesaresupporteecausegueuedsellsof a higherpriority aregivena higherweightw; o.
We now have the choiceof a numberof parametersThe numberof bits per priority by representshe dynamicrange
within the classand allows scalingfrom MSM (bp = 1) to MWM (bp — ). The secondchoiceis the monotonous
nonlinearscalingfunction f.

A sufficientpriority separatiorfor f = f; is achievedif theprobabilityof alower priority queuebeindfilled with more
thankg cellsis low, i.e. ¢ o,p shouldnotexceedky - Gip(p—1) atary time!. A completeseparatiorranbeforcedif saturation
is usedfor f = f (eq.4). If awide dynamicrangeis necessarye.g.for burstytraffic) but bits for thewordlengthmustbe
saved,acompandingharacteristit (eq.5) canadditionallybeused.Thereforetheintegernumber9..2% — 1 aremapped
to 0..2° — 1 by a monotonicnonlinearfunctionwith a decreasinglopeandsaturatiorbeyond the interval [0..2% — 1].
Thefollowing compandindunctionis considerednostsuitable:

fcon-pand(Wiop) = Llogz(Wiop) + 1_] ;0 < Wiop < va (7)

which requires2® — 1 = [logz(2™ — 1) + 1| or 2% — 1 = b,. The mosteffective valueis b, = 3 bit offering a dynamic
rangeof by, = 7 bit (fig. 6), whichhasshavn to be sufficient for goodresults.Theoperatiorcanverywell beimplemented
in hardware,sinceonly the positionof the highestl bit mustbe determinedor thelog, operation.

In the port a schedule(staticpriority, HOL) mustreactproperlyto the instructionsof the arbiter i.e. it mustsenda
cell with thehighestpriority availablein thecasethatcellsof morethanonepriority areavailablefor the specifiedoutput
port, but only aglobally prioritizing arbitrationcanachieve the correctseparation.

4 An Approximation for WeightedArbitration

As onelow compleity methodto achieve weightedmatchingoy approximatingdWM, theSIMP (successieincremental
matchingover multiple ports)algorithmis explainedin this section.

We obsenrethatSIMP approximate$/WM by successiely choosingheedgewith thehighestweightfor eachoutput
nodein order Thisresohesthe outputcontentionproblemfor eachportin a cyclic manner It cannotgenerallyfind the
globalmaximumMWM would find. Visually we canimaginethat SIMP only considersnetriangularhalf of the weight
matrix, insteadof thewholeaswith MWM. Dueto thecyclic shift of this viewportthe numberof weightsconsideredor
aspecificoutputportchangegyclically from 1 to M. As we seein section5 theapproximatioryieldsreasonableesults.

1Fig. 5 shavs anexamplewherePr(gjop > 28) < 5-107°
2similar to the plaw usedfor speectcoding
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This algorithmloopsover M outputports,needs(M — 1)..0 comparisoner outputport, so the overall compleity
is M- (M —1)/2) sequentiabperationgO(M?)). In hardware we needone M-port-comparatoof compleity log, M
for M iterations,i.e. O(Mlog, M) paralleloperations.The hardware compleity is M? dueto the memoryneeded.For
comparisonjLQF [3] has2M timesmorecomparatorsn parallel,thusreducingthe calculationtime. But the decision
dependenciearebrokenanda considerabl@umberof iterationsis neededo achiere 100%throughput.

Typically the situationlooks like fig. 3 left in the ports. The numberson the chessboardepresenthe weigh wi.
Usingthealgorithmabove (startingwith 0 = 0) we successiely matchtheportcombinationd —0,3—1,0—2and2—-3
asshavnin fig. 3right. Thediagonaklementdave contentzero,becauseellsarenotroutedin andoutthroughthesame
port. Considerfig. 4 whereafterM — 1 correctmatchesa matchin the lastcolumnwould only be possibleon anempty
diagonalposition. This canoccurhere,but this is alsothe matchfoundby MWM!

5 PerformanceResults

In this sectionwe compareheperformanceesultsor referencelgorithmsoutputqueueingMWM, iSLIP*, PIM, iIMCFF
with SIMP usingsimulationsfor an16x16switchwith OPNET[20].

With Bernoulli traffic anda symmetricallychosendestinatior, eachinput port carriesa total offeredload of p, i.e.
)\i,o = p/(M -1).

Burstytraffic is importantfor mary reasonsAccordingto [21] we usea packettrain modelproducinga burstof B(t)
cellsatfull ratefollowedby emptyslotssuchthatthemeanrateA; o = p/(M — 1) is the desiredractionof theinputrate.
B is exponentiallydistributed here;the meanburst lengthB is 32. This correspondso the meanlengthof an Ethernet
PDU sggmentednto ATM cells.

In fig. 7 theresultsfor PIM andiSLIP areasin [21]. Thebestcaseis outputqueueingvhich we wantto approximate
with VOQ. The ideal arbitrationfor VOQ is MWM which most closely approximatesoutput queueing. As we see,
iIMCFF performsworsethanSIMP. Theperformancef SIMPis in betweeriMCFF andMWM. Simulationsresultsfor a
stablemarriage algorithmcomecloseto IMCFF andareomittedhere.

In fig. 8 we seethe delayperformancdor the burstyscenario.The mostimportantcharacteristicare: (i) theabsolute
delayis two decadesigherthanfor the previous scenariodue to the burst scalequeueingeffect and the short-term
asymmetries(ii) PIM andiSLIP performsimilarwith morethan300cell transmissiortimesabove p = 0.6, i.e. noticably
worsethanthe otheralgorithms.(iii) As before,iMCFF, SIMP, MWM andoutputqueueingarequite closeto eachother
with improvedperformanceélessdelay)in ascendingrder

We obsere that the algorithmsthat decidebasedon weights(iMCFF, SIMP, MWM) performvery well for typical
traffic.

Whenusingthefirst priority mechanisnf; the mainparametefor achieving priority separatioris the priority weight
factorkg = 2% (bg shift bits). The othertwo degreesof freedomin the choiceof traffic parametersnanifestin pyotal =

Stypical heary loadsituationwith all queuedilled significantly
4hereonly 1 iterationshavn
Samongthe 15 portswith a differentport number
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p1+ P2 andsy: (shareof first priority cells)with p1 = Sp1 - protal @andp2 = (1 — Sp1) - Protai. Thebehavior for two priority
classe$canbeseenn fig. 9, wherep; = 0.2 is heldconstanandps; is variedasburstytraffic. We seethatthereis almost
no influenceof thelower priority load onthe higherpriority performancevhensevenor morebits areused.As the CDF
in fig. 5 shavs, the probability of aweightoverflow is low then.

To analysequantitatvely how mary bits by, areneededve studythe meandelayfor both priority groupsat a fixed
loadp = 0.7 andafixedratio sp; = 0.2 asafunctionof differentbp. Thefixedvaluesusedhave revealedto bethe most
expressve.

In fig. 10 and11 we seethatfor Poissortraffic the resultwith aboutb, = 2 bitsis quite closeto by — . For bursty
traffic fig. 12 and13 shavsthataboutb, = 6 bitsareneededo fully separatéhepriorities. We canverify in fig. 10and12
andthatwith enoughbits dprio1 = 0.2slots atload p; = 0.2. Thisis exactly the delayfor MWM with p = 0.2 in fig. 7.
Thuswe have anexactpriority separationThe higherpriority traffic performanceloesonly depencdnits totalload. The
valuesfor SIMP areshavn in fig. 13.

The rulesfor the necessary, dependon the traffic in priority p (fig. 5). Thisis not desirable,so we apply the
deterministicseparatiorby saturation(eq.4),whereno overlappingis possible,i.e. wig p+1 cannotbecomehigherthan
2%, We losesomeof theweightdynamicsin this priority becauséhe valuespossiblearein theinterval [0, 2% — 1]. Thus
with by we canalsoadjustthe performancewithin a priority betweerthatof MWM (bp — ) andMSM (b, = 1). Note
thatthis hasaninfluencealsoon the sensibilityto asymmetry

For the bursty scenariowe obsere in fig. 14 that now the separatioris muchimprovedfor 1..5 bits. Thereis still
someinfluencetypical for MWM ’. We caneven chooseonebit per priority andachieve a considerableseparationThis,
however, ignoresall weightswithin a priority level andyields a bad performancainderasymmetriovorkloadasMSM
does. In fig. 15 we finally obsene the very bestseparation.Here threebits are sufficient for a completeseparation,
whereaghe dynamicss asgoodaspureMWM.

6 Conclusion

In this papemwe shav how aweightedarbitrationalgorithmcanbe usedto supportprioritiesandoffer performanceesults
for two priority classesisingMWM or our SIMP algorithm. The discussiorof the numberof bits neededo represent
weightis animportantsteptowardsimplementationAs aresult,usingthreebits perpriority andtheproposedompanding
functionis sufficientfor acompletepriority separation.
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