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Abstract

Input bufferedswitcheshave thestrongadvantageof efficient
crossbarusage.Virtual OutputQueueing(VOQ) hasto bees-
tablishedtocircumventthehead-of-line(HOL) blockingwhich
limits thethroughputto 58.6%.Arbitration algorithmscontrol
theaccessto theswitchfabricin eachtimeslot. Weightedalgo-
rithmsachieve 100%throughputwith lowestdelaysunderall
admissibletraffic evenunderhighly asymmetricload. In this
paperwecompareexistingalgorithmsandproposeanew algo-
rithm for weightedmatchingwith adelayperformancecloseto
theidealmaximumweightmatching.As animportantstepto-
wardsimplementationwe emphasizethefinite wordlengthre-
quiredfor weights.This canbeexploitedto supportpriorities
which is requiredfor ATM or IPv6switches.

1 Intr oduction

Veryhighspeedswitchesareneededfor futureATM andIPv6
networks. Among the switching architecturesinput queued
switchesbelongto thefastestbecausetheaccessrateof cross-
bar andbuffer memoryis not higherthanthe line rateof the
connectedlink. For the classicalFIFO queueorganization
it is known that due to head-of-lineblocking the maximum
throughputis approximately58.6%[1]. Virtual OutputQueue-
ing (VOQ) [2] cantotally eliminatethisproblemby eachinput
having a separatequeuefor eachoutput(fig. 1). This poten-
tially allowsa throughputof 100%[3, 4, 5].

Arbitration algorithmsresolve the contentionfor the same
outputportsin eachtimeslot. Thearbitrationalgorithmmainly
determinesthe achievablethroughputanddelayperformance.
Weightedalgorithms[4] notonly offer amuchbetterdelayper-
formancethanunweightedor single-iterationdistributedalgo-
rithms[6], they arerequiredto operatewell in otherthansym-
metric loadconfigurations.Therearevery few algorithmsfor
efficient weightedarbitration. Prioritiesare rarely treatedso
far, althoughprioritiesaremostimportantto supportmorethan
best-effort traffic only.

In this paperwe offer a new efficient weightedarbitration
algorithm that achieves 100% throughputin load conditions
wheremostotheralgorithmsfail. Resultsareshown for uni-
form andnon-uniformworkloadandbursty traffic. We show
thatthedelayperformanceis comparableto thebestknown al-
ternative algorithms.With very limited weightwordlengthsit
still operateswell. Priority supportis a straightforwardexten-
sion of this concept. The complexity of the arbitrationalgo-
rithm is only determinedby thetotal numberof bits. Theper-
formanceimpactof having anonzerolatency (to allow pipelin-
ing) is alsoshown.

The paperis organizedas follows. Section2 providesthe
necessarybackground.The new arbitrationalgorithmis pre-
sentedin section3. Finite wordlengthandprioritiesareintro-
ducedin section4. Section5 showsperformanceresults.

2 Background and RelatedWork

TheVOQconfiguration[2] shown in fig. 1 consistsof M ports
for input andoutput,a nonblockingswitchfabricandanarbi-
tration unit. Arriving cells on input port i areplacedinto the
correspondingqueuefor their destinationport o. Its current
queuecontentis qi � o. The processof arrivals to this queue
is characterizedby a meanrate λi � o (normalizedto the line
rate). The load is admissible[2] if

�
o : ∑M � 1

i � 0 λi � o � 1 and�
i : ∑M � 1

o� 0 λi � o � 1. In eachtime slot thearbiterselectsunique
pairsof input andoutputports(a ”match” � i � o� ) basedon in-
formationsentto it from theinputports.

This task is equivalentto a bipartitegraphmatchingprob-
lem [2] as shown in fig 2. A numberof algorithmsexist to
solve it optimally, eitherasa maximumsizematching(MSM)
or a maximumweight matching(MWM) [9]. MSM finds a
matchwith the maximumnumberof input-outputconnection
crosspoints.MWM findsamatchwherethesumof theweights
of thecrosspointswi � o aremaximum.For theweightchosenas
wi � o � qi � o the algorithmis called”longestqueuefirst” (LQF)
in [4], and it hasbeenshown that 100% throughputcan be
achievedfor all admissiblei.i.d. arrivals[4] with MWM. With-
out weight information,aswith MSM, instability andunfair-
nessare likely, becausequeuebacklogscan accumulateand
cell delaysbecomevery largefor burstyor asymmetricload.

Algorithms for solving the MWM problem optimally are
computationallycomplex. They take O � M3logM � and are
muchtoocomplex for ahardwareimplementation[5]. A num-
ber of alternatives have beenproposed,such as iMCFF [5]
and iLQF [3]. Even the unweightedMSM problemis rated
O � M2 	 5 � . MSM approximationsexist with PIM [6], iSLIP [3,
10, 7] or WFA [8]. Prioritieshave beenusedwith iSLIP and
ESLIP[10, 7], but aswith everyunweightedalgorithmthede-
lay becomeslargefor burstyor asymmetricload.

In table 1 the most importantalgorithmsare listed. The
bestiterativeunweightedalgorithmtakesO � M logM � serialor
O � logM � parallel time steps,while the hardware areatakes
O � M4 � . TheweightedalgorithmiLQF [3] hasthelowestcom-
plexity in time,but it needs2M timesmorehardwarethanour

1not for all admissibletraffic loads(e.g.symmetriconly)
2prioritiespossiblewith ourmethodwithoutcomplexity increase
3areacomplexity of thearbiter(s)
4areacomplexity of thestatememory
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Algorithm ρmax [%] stable fair delay weights prio serial parallel gatecount ref.
IQ/FCFS 59 - - – - - O 
 1� O 
 1� O 
 M � [1]
IQ/random 63 - - – - - O 
 1� O 
 1� O 
 M � [1]
PIM 63 - - – - - O 
 M logM � O 
 M logM � O 
 M2 � [6]
RRM 63 - + – - - O 
 M logM � O 
 M logM � O 
 M2 � [3]
SLIP (100)1 - + - - - O 
 M logM � O 
 M logM � O 
 M4 � [3]
iSLIP 
 100� 1 - + - - - O 
 i � M logM � O 
 i � M logM � O 
 M4 � [3]
ESLIP 
 100� 1 - + - - + O 
 i � M logM � O 
 i � M logM � O 
 M4 � [7]
PSLIP 
 100� 1 - + - - + O 
 i � M logM � O 
 i � M logM � O 
 M4 � [3]
WFA 
 100� 1 - + - - - O 
 M2 � O 
 M � O 
 M2 � [8]
MSM 
 100� 1 - - - - - O 
 M2  5 � O 
 M2  5 � - [4]
MWM 100 + - + + 
���� 2 O 
 M3 logM � O 
 M3 logM � - [4]
SM-GSA 100 + - + + - O 
 M2 � O 
 M2 � - [3]
MCFF 100 + - + + - O 
 b � M3 � O 
 b � M3 � - [5]
iMCFF 100 + - + + - O 
 b � M2 � O 
 b � M2 � N/A [5]
iLQF(i=1) 63 - - – + 
���� 2 O 
 i � b � M logM � O 
 i � b � logM � O 
 b � M logM � 3+O 
 b � M2 � 4 [3]
SIMP 100 + + + + 
���� 2 O 
 b � M2 � O 
 b � M logM � O 
 b � M � 3+O 
 b � M2 � 4 here

Table1: Arbitrationalgorithms( � meansgoodperformance/ featureavailable)
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Figure4: badmatch

proposedalgorithmandneedsat leastfour iterationsto achieve
100%throughputwith comparableperformance.

An internalspeedupcansimplify thealgorithms[11, 12, 13,
14], but this reducestheavailabletime for switching,memory
accessandthe arbitrationalgorithm. Multicast is not treated
here,becauseit canbehandledin a separatestepandby using
fanoutsplitting [10].

Ourrecentwork [15] providesaconceptto includepriorities
with input-queuedswitchesandone-stepweightedmatching,
whereboth independenceof better traffic classes[16] and a
small cell delaycanbe achieved. The limited wordlengthef-
fectsarediscussedhere.

Becauseof thecomplexity of theM2-dimensionalstatespace
an analyticaltreatmentis not in reach. In the literatureonly
unweightedalgorithmsaretreated[3, 17], or theassumptions
simplify it to anOQmodel[18].

3 A NewWeightedArbitration

For weightedmatchingMWM offers the bestperformanceat
the highestcomplexity. A practicalalgorithmto approximate
MWM is SIMP5 whichsimplifiesthemaximizationof thetotal
weightsumto themaximizationof partialweights. This al-

Algorithm ,,SIMP”
1 let I beanorderedlist of all inputportsandO thelist of all outputports
2 let I ��� I andO��� O
3 choosethefirst outputport oc outof theorderedlist O�

4a choosetheinputport ic to matchasonewith wic � maxi  I � 
 w�i � ,
4b resolveambiguities(sameweights)in round-robinmanner
5 if wic ! 0 matchic with oc andlet I ��� I �#" ic
6 reducethematchspaceby lettingO��� O�#" oc
7 repeatsteps3-6until O � /0 (M repititions)
8 rotatethelist O cyclically beforethenext slot

to achieveround-robinfairnessbetweenoutputs
9 startthenext timeslotat step2

5successive incrementalmatchingover multipleports

gorithmapproximatesMWM by sequentializingthesearchfor
maximumarcweights.Startingwith any outputport (which is
rotatedcyclically for the next time slot) the maximumof one
weightcolumnis taken(in hardwarethis requireslog2M com-
paratorstages).In eachfollowing stepthemaximumweightof
theremainingrows ( � M $ 1�&%'% 0 comparisons)is chosen.After
M stepsM log2M parallel(M ( � M $ 1�*) 2sequential)operations
havebeenperformed.

By thismethodonly onetriangularhalf of theweightmatrix
is consideredin this timeslot ( � M2 + M �*) 2 entries),notall M2

entriesaswith MWM. As we seein section5 theapproxima-
tion yieldsreasonableresults.

Thehardwareiterationperiodcanbesignificantlyimproved
by pipelining andparallelizingsomecomparatorsteps. Then
theincreasedrelative latency (in cell slot times)makestheal-
gorithmwork on slightly outdatedweightinformation. In sec-
tion 5 the performanceimpactis shown. The hardwarecom-
plexity is O � M2 � dueto thememoryneeded.

AnotherMWM approximation,iLQF [3] reducesthecalcu-
lation time with 2M timesmorecomparatorsin paralleloper-
ating independentlyfor every output. But thedecisiondepen-
denciesarebroken,so that HOL blocking leadsto 65% max.
throughput.Many sequentialiterationsareneededto achieve
100%throughput.

In fig. 3 two statematrix situationsareshown6. Using the
algorithmabove (startingwith o � 0) we successively match
theportcombinations1 $ 0,3 $ 1,0 $ 2and2 $ 3. Thediagonal
elementshavecontentzero,becausecellsarenot routedin and
out throughthe sameport. Considerfig. 4 whereafter M $
1 correctmatchesa matchin the last columnwould only be
possibleonanemptydiagonalposition.Thismayoccur, but is
alsothematchfoundby MWM!

6Thenumberson the chessboardrepresentthe weightswio; typical heavy
loadsituationwith all queuesfilled significantly
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Figure5: dquantil e, x- � f � ρ � for SIMP

4 Finite Weight Wordlengths

Hardwarefor SIMPor any otherweightedarbitrationalgorithm
cannotbeimplementedwith aninfinite rangefor weights.Any
practicalrealizationwill limit thenumberof bits usedfor the
calculations.As we show now, it is not necessaryto support
a hugerangeof weightsfor eachpossiblequeueoccupancy
(whichcanbeseveralMB for best-effort traffic).

We assumethatthequeuestateon input i, outputo in fig. 1
is alsodividedinto P priorities(1=highest),i.e. qi � o � p describes
this state. The meanrateλi � o � p characterizesthe arrivals into
thesequeues.

Within onepriority classp wedefinethenumberof bitsbp to
usefor theweightrepresentationf � qi � o � p � , which corresponds
to the allowednumericrange0 %'%.� kp $ 1� with kp � 2bp. This
main parameters,the numberof bits per priority represents
thedynamicrangeandallows scalingfrom MSM (bp � 1) to
MWM (bp / ∞). The wider the dynamicrangeis, the bet-
ter the delay performancewill be. Whendealingwith finite
wordlengthseachpartial weight f � qi � o � p � mustnot exceedits
bit width bp. Thusthesealternativescanbeidentified:

feq � qiop � � qiop (1)

fsat � qiop � kp � � 0 qiop i f qiop � kp
kp $ 1 i f qiop 1 kp

2
(2)

fcompand � qiop � �
34 5 0 : qiop � 06

log2 � qiop �7� 18 : 0 � qiop � 2bv

2bp $ 1 : qiop 1 2bv

(3)

For awiderdynamicrange(e.g.for burstytraffic) within the
samelimited wordlengtha companding7 functioncanbeused.
Thismapsintegernumbers0 %'% 2bv $ 1 to 0 %�% 2bp $ 1 by a mono-
tonicnonlinearfunctionwith adecreasingslopeandsaturation
beyondtheinterval 9 0 %�% 2bv $ 1: . Eq.3 hasrevealed8 to bemost
suitable,becauseit canverywell beimplementedin hardware,
sinceonly thepositionof thehighest1 bit mustbedetermined
for thelog2 operation.It requires2bp $ 1 � 6

log2 � 2bv $ 1�;� 18
or 2bp $ 1 � bv. As shown in section5.3 the mosteffective
value is bp � 3 bit offering a dynamic rangeof bv � 7 bit
(fig. 7). Whenthenumericrangeexceedsa certainthreshold,
i.e. qi � o � p 1 kp $ 1 with saturationor qi � o � p 1 2bv � 1 � 22bp � 2

with companding,the weight doesn’t increasefurther. That
also meansthat congestedport directionsare treatedfairly,
becauseSIMP arbitratesequal-weightedports in round-robin
manner.

7similar to theµlaw usedfor speechcoding
8minimizesthemeansquareerrorfor exponentialdistributions
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Figure8: SIMPwith latencies

With weightedmatchingalgorithmsfull throughputunder
admissibleloadcanbeachieved[4]. Whenthereis anadmis-
sible load only of higherpriority cell streams,an unbounded
delayfor all cellson oneport canoccurwhenthereis no pri-
ority supportin thearbiter, andlowerpriority (besteffort) con-
nectionsexperiencecongestion(highqueueweightwi � o) onan-
otherport. Theremustbenoinfluenceof lowerpriority queues
onhigherpriority performance,asknownfor adiscretepriority
system[19].

To be compatiblewith existing weightedmatchingalgo-
rithms 9 qi � o � p : is mappedto 9 wi � o : in a special way. With
wi � o � ∑P

p� 1qi � o � p thereis no priority support.Priority support
is achievedby applyingthisweightedsummation:

wio � P

∑
p� 1

cp ( f � qiop �&� cp � P

∏
q� p< 1

kq � P

∏
q� p< 1

2bq (4)

The coefficients cp are computedsuch that the weight of a
queuewith priority p is kp< 1 timeshigher(bp< 1 bits) thanthat
of thenext lowerpriority. For example,

P � 3;
�

p : bp � 3 = kp � 8
q1 � 2 � 010b � q2 � 5 � 101b � q3 � 15= fsat � q3 � 8� � 111b = w � 010101111b

For a sufficientpriority separationwith f0 theprobabilityof
a lowerpriority queuebeingfilled with morethankq cellsmust
below. For example,qi � o � p shouldnotexceedkq ( qio , p � 1- atany
time9. With saturationor compandingseparationis forcedby
construction.

9Fig. 6 shows anexamplewherePr > qiop ? 28 @BA 5 C 10D 5
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strategy: OQ MWM SIMP iMCFF MSM RANDOM
wPCREGF wPCRH 100 12.68 18.73 137.2 3314 8624
dPCREGF dPCRH 1 0.128 0.191 1.367 32.5 86.68

Table2: spreadat ρ � 0 % 9 for asymmetricscenario

5 Arbitration Performance

Simulationresultsfor the performanceof SIMP and the ref-
erencealgorithmsoutputqueueing,MWM, iSLIP10, PIM and
iMCFF have been obtainedfor an 16x16 switch with OP-
NET [20].

For thesymmetricscenarios11, eachinputportcarriesatotal
offeredloadof ρ, i.e. λi � o � ρ )7� M $ 1� for Bernoulli traffic.

Burstytraffic is usedto representVBR or ABR traffic. Ac-
cordingto [21] we usea packet train modelproducinga burst
of B cells (exponentiallydistributed)at full rate followed by
empty cells suchthat the meanrate λi � o � ρ )I� M $ 1� is the
desiredfractionof the input rate. Themeanburst lengthB̄ is
32. This correspondsto the meanlengthof an ethernetPDU
segmentedinto ATM cells.

5.1 Pure Arbitration Results

For one priority classthe resultsin fig. 9 for PIM and iS-
LIP are as in [21]. Output queueingis the bestcasewhich
we want to approximatewith VOQ. The ideal arbitrationfor
VOQis MWM whichmostcloselyapproximatesoutputqueue-
ing. The performanceof SIMP is in betweeniMCFF and
MWM. For bettervisibility of the graphs,resultsfor the sta-
ble marriage andWWFA algorithmsareomitted,becausethey
arevery closeto iMCFF. For SIMP we canalsoprovide delay
quantiles(fig. 5) and the performanceimpactwhen latencies
arepresent(fig. 8).

Theburstscenarioin fig. 10 shows thefollowing character-
istics: (i) theabsolutedelayis two decadeshigherthanfor the
previous scenariodue to the burst scalequeueingeffect and
the short-termasymmetries.(ii) PIM and iSLIP (i � 1) per-
form similarwith morethan300cell transmissiontimesabove
ρ � 0 % 6, i.e. noticablyworsethantheotheralgorithms.(iii) As
before,iMCFF, SIMP, MWM and outputqueueingarequite
closeto eachotherwith improvedperformance(lessdelay)in
ascendingorder. This is a first indication that weightedal-
gorithms(iMCFF, SIMP, MWM) performvery well for typ-
ical traffic. Our resultsfor SIMP showed no visible differ-
encebetweenusing bp � 3bit with compandingand infinite
wordlength.

5.2 Asymmetric Input Traffic

Symmetriesin thetraffic matrix 9 λi � o : exert muchinfluenceon
thedelayof thedifferentstreams.Westudythiswith ascenario
whereratesof Bernoulli12 traffic differ by a ranger � 100:

10hereonly 1 iterationis shown
11destinationchosensymmetricallyamongthe15 remainingports
12for burstytraffic therelative performanceis very similar
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Figure11: AsymmetricscenarioperformanceusingSIMP
bp bits: 1 2 3 4-8 3+compand
wPCREJF wPCRH 1080 33.34 31.52 31.66 34.2
dPCREJF dPCRH 10.81 0.336 0.316 0.318 0.343

Table3: spreadatρ � 0 % 9 for differentwordlengths

1 betweenthe ports,but wherethe total load on eachlink is
neverthelessequalto ρ. Let thenormalizedarrival ratematrix9 λi � o : have λi � K , i < j - modM L � ρ ( a j usingasymmetrycoefficients
a j . By establishingthesetraffic intensitieswe achieve thatall
neighborportsaredifferentby a factor f .

a0 � 0 � a1 � � f $ 1�*)7� f M � 1 $ 1�M� a j � a1 ( f j � 1 �
j N� 0

λi � o ) λ K , i < 1- modM L � o � f
�

i N� o �*9'� i � 1� modM :ON� o
f � r � 1PQ, M � 2- � � 100: 1� � 1PQ, M � 2-

(5)
Thedelayperformancehasbeenstudiedfor a numberof algo-
rithms andweight bits. Hereonly SIMP is shown in fig. 11,
with the rategroup13 asa parameter, becausethat is the only
differentiatornext to ρ.

For the comparisonshown in table 2, PCR� meansthe
highestrategroup(PCR2823),PCR$ the lowest(PCR0028).
At ρ � 0 % 9 we seea delay spread(dPCR< ) dPCR� ) of around
0 % 2, with the highest rate group (PCR+) getting the lowest
delay. We observe that unweightedalgorithmshave a much
higherdeviation in the delayandqueuecontents.Algorithms
basedon weightedmatchingtend to keep the queuelength
in eachvirtual queuefor any outputo on the samelevel be-
causethey prefer thosewith higherweight wio. And in fact,
the meanqueuelengthsareclosertogetherfor MWM, SIMP
andiMCFF thanfor MSM andRANDOM. The big numbers
for wPCR< ) wPCR� with unweightedmatchingshow that this
is not a very good choice. This emphasisesthe necessityto
useweightedmatchingin a switch. Using the knowledge
λPCR< ) λPCR�R� r � 100 the resultsin table2 areconsistent
with Little’sLaw

dx ( λx � wx = dPCR<
dPCR� ( λPCR<

λPCR� � wPCR<
wPCR� (6)

The ratio dPCR< ) dPCR� is equalone for pure output queue-
ing (OQ). With SIMP or any other weightedalgorithm the
resultsare very close to that. In table 3 the resultsfor re-
strictedwordlengthsfor SIMP areshown, usingsaturationor
companding.Theessenceis thatwith a few bitsagoodperfor-
manceevenin burstyandasymmetrictraffic conditionscanbe
achieved.

13rategroupis denotedPCRxxxx,correspondsto sameaj
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5.3 Priority Arbitration Results

Priority separationis obtainedby themainparameterpriority
weightfactor kq � 2bq (bq shift bits). Two degreesof freedom
in thechoiceof traffic parametersmanifestin ρtotal � ρ1 � ρ2
andsp1 (shareof first priority cells) with ρ1 � sp1 ( ρtotal and
ρ2 � � 1 $ sp1 � ( ρtotal . Thebehavior for two priority classes14

canbeseenin fig. 12,whereρ1 � 0 % 2 is heldconstantandρ2 is
variedasbursty traffic. We seethat the influenceof the lower
priority loadonthehigherpriority performanceis only two cell
slotswhensevenor morebitsareusedwith SIMP. As theCDF
in fig. 6 shows,theprobabilityof aweightoverflow is low then.
For MWM somemoreresultscanbefoundin [15].

Thenumberof bitsneededfor agoodpriority separationcan
beobtainedfrom fig. 13 and14. For theseresultswe studied
themeandelayfor bothpriority groupsata fixedloadρ � 0 % 7
anda fixedratio sp1 � 0 % 2 asa functionof differentbp. These
valueshaverevealedto bemostexpressive.

For bursty traffic and without saturationor companding
aboutbp � 6 bits areneededto separatethe priorities in the
bestway. Thehigherpriority traffic performancedoesalmost
only dependon its total load. The performancebecomesto-
tally independentwhenMWM is used[15], but with theSIMP
approximationwestill havesomesmallcoupling.

The deterministicseparationby saturationavoids weight
overlapping(wio � p< 1 cannotbecomehigher than2bp) but the
weightdynamicsis smallerbecauseall possiblevaluesarein
theinterval 9 0 � 2bp $ 1: . With thesamebp compandingis more
effective. In fig. 14 we thereforeobserve the bestseparation.
A threebit compandedweightoffersthebesttradeoff between
dynamicsandpriority separation.

6 Conclusion

Weightedarbitrationalgorithmsarerecommendedfor offering
low delaysunderall workload conditions. Especiallyunder
otherthansymmetricloadsunweightedalgorithmsdonotoffer
full throughputandyield very high delays.We have proposed
the SIMP algorithm as a useful approximationof maximum
matching. Finite weight wordlengthsarerequiredfor an im-
plementation.This can be usedseamlesslyto supportprior-
ities. Performanceresultsin variousload conditionsconfirm
theefficiency of thegivenalgorithms.

14herethehigherpriority traffic is Bernoulli, thelower is bursty
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