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Abstract

Input buffered switcheshave the strongadvantageof efficient
crossbausage.Virtual OutputQueueingVOQ) hasto be es-
tablishedo circumwentthehead-of-ling HOL) blockingwhich
limits the throughputo 58.6%. Arbitration algorithmscontrol
theaccesso theswitchfabricin eachtime slot. Weightedalgo-
rithms achieze 100%throughputwith lowestdelaysunderall
admissibletraffic evenunderhighly asymmetridoad. In this
papemwe comparexisting algorithmsandproposea new algo-
rithm for weightedmatchingwith adelayperformanceloseto
theidealmaximumweightmatching.As animportantstepto-
wardsimplementatiorwe emphasizéhe finite wordlengthre-
quiredfor weights. This canbe exploited to supportpriorities
whichis requiredfor ATM or IPv6 switches.

1 Intr oduction

Very high speedswitchesareneededor future ATM andIPv6
networks. Among the switching architecturesnput queued
switcheshelongto thefastesbecaus¢he accessateof cross-
bar and buffer memoryis not higherthanthe line rate of the
connectedink. For the classicalFIFO queueorganization
it is known that due to head-of-lineblocking the maximum
throughpuis approximatelys8.6%[1]. Virtual OutputQueue-
ing (VOQ)[2] cantotally eliminatethis problemby eachinput
having a separatejueuefor eachoutput(fig. 1). This poten-
tially allows athroughpubof 100%]3, 4, 5].

Arbitration algorithmsresol\e the contentionfor the same
outputportsin eachtime slot. Thearbitrationalgorithmmainly

determineghe achiezablethroughputanddelay performance.

Weightedalgorithmg4] notonly offer amuchbetterdelayper
formancethanunweightedor single-iteratiordistributedalgo-
rithms[6], they arerequiredto operatewell in otherthansym-
metricload configurations.Therearevery few algorithmsfor
efficient weightedarbitration. Priorities arerarely treatedso
far, althoughprioritiesaremostimportantto supporimorethan
best-efort traffic only.

In this paperwe offer a new efficient weightedarbitration
algorithm that achieves 100% throughputin load conditions
wheremostotheralgorithmsfail. Resultsare shavn for uni-
form and non-uniformworkload and bursty traffic. We show
thatthe delayperformances comparabléo thebestknown al-
ternatve algorithms. With very limited weightwordlengthst
still operatesvell. Priority supportis a straightforvard exten-
sion of this concept. The compleity of the arbitrationalgo-
rithm is only determineddy the total numberof bits. The per
formancempactof having anonzerdateng (to allow pipelin-
ing) is alsoshawn.

The paperis organizedasfollows. Section2 providesthe
necessarpackground.The new arbitrationalgorithmis pre-
sentedn section3. Finite wordlengthandprioritiesareintro-
ducedin sectiond. Section5 shavs performanceesults.

2 Background and RelatedWork

TheVOQ configuration2] shavn in fig. 1 consistof M ports
for input andoutput,a nonblockingswitch fabricandan arbi-
tration unit. Arriving cellson input porti are placedinto the
correspondingjueuefor their destinationport 0. Its current
gueuecontentis gio. The processof arrivals to this queue
is characterizedby a meanrate Aj o (normalizedto the line
rate). The load is admissible[2] if Yo: TM;1Aio < 1 and
Vi: yM Ao < 1. In eachtime slot the arbiterselectsunique
pairsof input and outputports(a "match” (i,0)) basedon in-
formationsentto it from theinput ports.

This taskis equialentto a bipartite graphmatchingprob-
lem [2] asshawn in fig 2. A numberof algorithmsexist to
solveit optimally, eitherasa maximumsizematching(MSM)
or a maximumweight matching(MWM) [9]. MSM finds a
matchwith the maximumnumberof input-outputconnection
crosspointsMWM findsamatchwherethe sumof theweights
of thecrosspointsy; ; aremaximum.For theweightchoseras
Wi o = 00 the algorithmis called”longestqueuefirst” (LQF)
in [4], andit hasbeenshovn that 100% throughputcan be
achievedfor all admissible.i.d. arrivals[4] with MWM. With-
out weightinformation,aswith MSM, instability and unfair-
nessare likely, becausequeuebacklogscan accumulateand
cell delaysbecomeverylargefor burstyor asymmetridoad.

Algorithms for solving the MWM problem optimally are
computationallycomplex. They take O(M3logM) and are
muchtoo comple for a hardwareimplementatiorj5]. A num-
ber of alternatves have beenproposed,suchasiMCFF [5]
andiLQF [3]. Eventhe unweightedMSM problemis rated
O(M?5). MSM approximationsxist with PIM [6], iSLIP [3,
10, 7] or WFA [8]. Prioritieshave beenusedwith iSLIP and
ESLIP[10, 7], but aswith every unweightedalgorithmthe de-
lay becomedargefor burstyor asymmetridoad.

In table 1 the mostimportantalgorithmsare listed. The
bestiterative unweightedalgorithmtakesO(M logM) serialor
O(logM) parallel time steps,while the hardware areatakes
O(M#). TheweightedalgorithmiLQF [3] hasthelowestcom-
plexity in time, but it needs2M timesmorehardwarethanour

Inotfor all admissibleraffic loads(e.g. symmetriconly)
2priorities possiblewith our methodwithout compleity increase
Sareacompleity of thearbiter(s)

4areacompleity of the statememory



Algorithm | pmax[%] | stable] fair | delay | weights| prio | serial parallel gatecount ref.
IQ/FCFS | 59 - - - - - O(1) O(1) O(M) [1]
IQ/random| 63 - - 0o(1) 0(1) O(M) [1]
PIM 63 - - O(MlogM) O(MlogM) o(M?) [6]
RRM 63 + |- O(MlogM) O(MlogM) | O(M?) [3]
SLIP (100} + O(MlogM) O(MlogM) o(M%) [3]
iSLIP (100t + O(i-MlogM) | O(i-MlogM) | O(M*) [3]
ESLIP 100)* + + O(i-MlogM) O(i-MlogM) | O(M*%) [7]
PSLIP (100)* + + O(i-MlogM) O(i-MlogM) | O(M#) [3]
WFA (200 |- + |- - o(M?) o(M) o(Mm?) [8]
MSM (100t | - - - - - O(M?3) O(M2%) - [4]
MWM 100 + - + + (%)% | O(M3logM) O(M3logM) [4]
SM-GSA | 100 + + + - o(M?) o(M2) [3]
MCFF 100 + + + O(b-M3) O(b-M3) - [5]
iIMCFF 100 + + + - O(b-M2 O(b-M?) N/A [5]
iLQF(i=1) | 63 - - - + (%)% | O(i-b-MlogM) | O(i-b-logM) | O(b-MlogM)3+O(b-M?)* | [3]
SIMP 100 + + + + (%)% | O(b-M?) O(b-MlogM) | O(b-M)3+O(b-M?)* here
Tablel: Arbitration algorithms(+ meangyoodperformancd featureavailable)
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Figurel: virtual outputqueueing

proposedlgorithmandneedsatleastfour iterationsto achieve
100%throughputwvith comparablg@erformance.

An internalspeedugansimplify thealgorithmsg[11, 12, 13,
14], but this reduceghe availabletime for switching,memory
accessandthe arbitrationalgorithm. Multicastis not treated
here,becausét canbe handledn a separatstepandby using
fanoutsplitting [10].

Ourrecentwork [15] providesa concepto includepriorities
with input-queuedswitchesand one-stepweightedmatching,
whereboth independencef bettertraffic classeqd16] anda
small cell delaycanbe achiered. The limited wordlengthef-
fectsarediscussedhere.

Becaus®f thecomplexity of theM2-dimensionastatespace
an analyticaltreatmentis not in reach. In the literatureonly
unweightedalgorithmsaretreated3, 17], or the assumptions
simplify it to anOQ model[18].

3 A NewWeightedArbitration

For weightedmatchingMWM offers the bestperformanceat
the highestcompleity. A practicalalgorithmto approximate
MWM is SIMP® which simplifiesthe maximizationof thetotal
weightsumto the maximizationof partialweights. This al-

Algorithm ,,STMP”
letT beanorderedist of all inputportsandO theflist of all outputports
letl’ « I andO' « O
choosehefirst outputport o, outof theorderedist O
chooseheinputportic to matchasonewith wi. = maxg (W),
resolve ambiguities(sameweights)in round-robinmanner
if wic > 0 matchic with oc andlet 1’ « 1"\ i¢
reducethematchspaceby letting O’ < O’ \ o¢
repeatteps3-6 until O = 0 (M repititions)
rotatethelist O cyclically beforethe next slot
to achieve round-robinfairnessetweeroutputs
startthenext time slot at step2

NN
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Ssuccessie incrementamatchingover multiple ports

Figure2: Bipartitegraphmatching

Figure4: badmatch

gorithmapproximate$MWM by sequentializinghe searctor
maximumarcweights. Startingwith ary outputport (whichis
rotatedcyclically for the next time slot) the maximumof one
weightcolumnis taken (in hardwarethis required ogoM com-
paratorstages)In eachfollowing stepthe maximumweightof
theremainingrows ((M — 1)..0 comparisonsjs chosen After
M stepsM log, M parallel(M - (M — 1) /2 sequentialpperations
have beenperformed.

By this methodonly onetriangularhalf of theweightmatrix
is consideredn this time slot (M2 4+ M) /2 entries) notall M?
entriesaswith MWM. As we seein section5 the approxima-
tion yieldsreasonableesults.

Thehardwareiterationperiodcanbe significantlyimproved
by pipelining and parallelizingsomecomparatoisteps. Then
theincreasedelative lateng (in cell slottimes)makesthe al-
gorithmwork on slightly outdatedveightinformation. In sec-
tion 5 the performancempactis shovn. The hardwarecom-
plexity is O(M?) dueto thememoryneeded.

AnotherMWM approximationjLQF [3] reduceghe calcu-
lation time with 2M timesmore comparatorsn paralleloper
atingindependentlyfor every output. But the decisiondepen-
denciesarebroken, sothat HOL blocking leadsto 65% max.
throughput. Many sequentialterationsare neededo achiere
100%throughput.

In fig. 3 two statematrix situationsare shovn®. Using the
algorithmabove (startingwith o = 0) we successiely match
theportcombinationd —0,3—1,0—2and2— 3. Thediagonal
element$ave contentzero,becauseellsarenotroutedin and
out throughthe sameport. Considerfig. 4 whereafter M —
1 correctmatchesa matchin the last columnwould only be
possibleon anemptydiagonalposition. This mayoccur, but is
alsothe matchfound by MWM!

6The numberson the chessboardepresenthe weightswio; typical heary
loadsituationwith all queuedilled significantly



quantiles of the cell delay using FCFS with SIMP
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Figure5: dyanilex) = f(p) for SIMP
4  Finite Weight Wordlengths

Hardwarefor SIMP or ary otherweightedarbitrationalgorithm
cannotbeimplementedvith aninfinite rangefor weights.Any
practicalrealizationwill limit the numberof bits usedfor the
calculations.As we showv now, it is not necessaryo support
a hugerangeof weightsfor eachpossiblequeueoccupang
(whichcanbeseveralMB for best-efort traffic).

We assumehatthe queuestateon inputi, outputo in fig. 1
is alsodividedinto P priorities (1=highest)j.e. ¢ o,p describes
this state. The meanrate A, o , characterizeshe arrivalsinto
thesequeues.

Within onepriority classp we definethenumberof bits b, to
usefor the weightrepresentatiorf (g o,p), Which corresponds
to the allowed numericrange0.. (kp — 1) with k, = 2P, This
main parametersthe numberof bits per priority represents
the dynamicrangeandallows scalingfrom MSM (b, = 1) to
MWM (bp — ). The wider the dynamicrangeis, the bet-
ter the delay performancewill be. Whendealingwith finite
wordlengthseachpartial weight f (g o,p) mustnot exceedits
bit width bp. Thusthesealternatvescanbeidentified:

feg(diop) = diop 1)
i if gop<k
foaltonke) = {10%1 i gl S0 @)

fconpand(Qiop) Llogz(Qiop) + 1J 1 0< Giop < va(3)
2% —1: qiop > 2™

For awiderdynamicrange(e.qg.for burstytraffic) within the
saméimited wordlengtha companding functioncanbe used.
This mapsintegernumbers0..2% — 1 t0 0..2%» — 1 by amono-
tonic nonlinearfunctionwith a decreasinglopeandsaturation
beyondtheintenval [0..2% — 1]. Eq. 3 hasrevealed to bemost
suitable becausé canverywell beimplementedn hardware,
sinceonly the positionof the highestl bit mustbe determined
for thelogy operationlt requires2® — 1 = [logp (2> — 1) + 1]
or 2% — 1 =b,. As shawn in section5.3 the most effective
value is bp = 3 bit offering a dynamicrangeof by, = 7 bit
(fig. 7). Whenthe numericrangeexceedsa certainthreshold,
i.e. Gop> kp— 1 with saturationor g o p > 21 = 2272
with compandingthe weight doesnt increasefurther. That
also meansthat congestedoort directionsare treatedfairly,
becauseSIMP arbitratesequal-weightegortsin round-robin
manner

“similarto the plaw usedfor speecttoding
8minimizesthe meansquareerrorfor exponentialdistritutions
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Figure8: SIMP with latencies

With weightedmatchingalgorithmsfull throughputunder
admissibldoad canbe achieved[4]. Whenthereis anadmis-
sible load only of higher priority cell streamsan unbounded
delayfor all cellson oneport canoccurwhenthereis no pri-
ority supportin thearbiter andlower priority (besteffort) con-
nectionsexperiencecongestior(high queueweightw; o) onan-
otherport. Theremustbenoinfluenceof lower priority queues
onhigherpriority performanceasknown for adiscretepriority
system19].

To be compatiblewith existing weighted matchingalgo-
rithms [0 0,p] is mappedto [wio] in a specialway. With
Wio = Z';:lqi,o,p thereis no priority support.Priority support
is achievedby applyingthis weightedsummation:

P P
o= [lk=[12" @

P
Wio = Z Cp- f(Qiop)a
p=1 g=p+1 g=p+1
The coeficients c, are computedsuchthat the weight of a
queuewith priority p is ko1 timeshigher(bpy1 bits) thanthat
of thenext lower priority. For example,

P=3,Vp:bp=3=kp=8
01 =2=010,,02 = 5= 101,03 = 15
= fsa(03,8) =111, = w= 01010111}

For a sufficient priority separatiorwith fy the probability of
alower priority queuebeingfilled with morethank, cellsmust
below. For example g o,p shouldnotexceedy - Gio(p—1) atary

time®. With saturatioror compandingseparatioris forced by
construction.

9Fig. 6 shavs anexamplewherePr(gjop > 28) < 5-107°



mean cell delay [cell slots] mean cell delay [cel slots]
100 1000

T  —
output quietieing
PN

O

LR
MCFF -
e
IMP. -2

MCFF -

H
53
z
z
i3
x.
. 3!

M, -t

10 =
0 01 02 03 04 05 06
offered load

Figure10: Burstscenario

0 01 02 03 04 05 06 07 08 09 1
offered load

Figure9: Std.scenario

07 08 09 1

Stratgy: OQ [ MWM | SIMP | IMCFF | MSM | RANDOM
Wecr, /Weor_ | 100 | 12.68 | 18.73 | 137.2 | 3314 | 8624
Orcr: /Orcr. | 1| 0.128 | 0.191| 1.367 | 32.5 | 86.68

Table2: spreadat p = 0.9 for asymmetricscenario

5

Simulationresultsfor the performanceof SIMP andthe ref-
erencealgorithmsoutputqueueingMWM, iSLIP9, PIM and
iIMCFF have beenobtainedfor an 16x16 switch with OP-
NET [20].

Forthesymmetrlcscenarlols1 eachinputportcarriesatotal
offeredloadof p, i.e. Aj o = p/(M — 1) for Bernoullitraffic.

Burstytraffic is usedto represenVBR or ABR traffic. Ac-
cordingto [21] we usea paclet train modelproducinga burst
of B cells (exponentiallydistributed) at full rate followed by
empty cells suchthat the meanrate Aj, = p/(M — 1) is the
desiredfraction of the input rate. The meanburst lengthB is
32. This correspondso the meanlengthof an ethernetPDU
sgmentednto ATM cells.

Arbitration Performance

5.1 PureArbitration Results

For one priority classthe resultsin fig. 9 for PIM andiS-

LIP areasin [21]. Outputqueueingis the bestcasewhich

we wantto approximatewith VOQ. The ideal arbitrationfor

VOQis MWM whichmostcloselyapproximatesutputqueue-
ing. The performanceof SIMP is in betweeniMCFF and
MWM. For bettervisibility of the graphs,resultsfor the sta-
ble_marriage and WWH algorithmsareomitted,becausehey

arevery closeto iIMCFF. For SIMP we canalsoprovide delay
quantiles(fig. 5) and the performancampactwhen latencies
arepresen(fig. 8).

The burstscenarian fig. 10 shovs the following character
istics: (i) the absolutedelayis two decadesigherthanfor the
previous scenariodue to the burst scalequeueingeffect and
the short-termasymmetries.(ii) PIM andiSLIP (i = 1) per
form similar with morethan300cell transmissiortimesabove
p = 0.6, i.e. noticablyworsethanthe otheralgorithms.(iii) As
before,iIMCFF, SIMP, MWM and output queueingare quite
closeto eachotherwith improved performancdlessdelay)in
ascendingorder This is a first indication that weightedal-
gorithms (iMCFF, SIMP, MWM) performvery well for typ-
ical traffic. Our resultsfor SIMP shawved no visible differ-
encebetweenusing by = 3bit with compandingand infinite
wordlength.

5.2 Asymmetric Input Traffic

Symmetriesn thetraffic matrix [A; o] exert muchinfluenceon
thedelayof thedifferentstreamsWe studythiswith ascenario
whereratesof Bernoulli? traffic differ by a ranger = 100:

1%hereonly 1 iterationis shavn
lldestinatiorchosersymmetricallyamongthe 15 remainingports
Lfor burstytraffic therelative performances very similar
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Figurell: AsymmetricscenarigperformanceisingSIMP
by, bits: 1 2 3 4-8 3+compand|
Wecr: /Wecr_ | 1080 | 33.34| 3152 | 31.66| 34.2
Opcry /dpcr | 10.81] 0.336 0.316] 0.318] 0.343

Table3: spreadat p = 0.9 for differentwordlengths

1 betweenthe ports, but wherethe total load on eachlink is
neverthelesgqualto p. Let the normalizedarrival rate matrix
[Aio] have A (i+))moav] = P+ @j usingasymmetrycoeficients
a;. By estab[llshlnghesetrafflc intensitieswe achieve thatall
neighbomortsaredifferentby afactor f.

8 = 0,a; = (f —1)/(fM‘1—1),aj =a-fI71 vV j#£0
/)‘[(|+1)mod\/l] o= =f Vi 7é o, [(' + 1)m0CM] 7é Y
f =r~1/M-2) = (100: 1)~V M-2)
| (5)

Thedelayperformancénasbeenstudiedfor a numberof algo-
rithms andweight bits. Hereonly SIMP is shavn in fig. 11,
with the rate groupt® asa parameterbecausehatis the only
differentiatomext to p.

For the comparisonshown in table 2, PCR+ meansthe
highestrate group (PCR2823) PCR— the lowest(PCR0028).
At p = 0.9 we seea delay spread(dpcr+/dpcr-) Of around
0.2, with the highestrate group (PCR+) getting the lowest
delay We obsene that unweightedalgorithmshave a much
higherdeviation in the delayand queuecontents.Algorithms
basedon weightedmatchingtend to keepthe queuelength
in eachvirtual queuefor ary outputo on the samelevel be-
causethey preferthosewith higherweightwi,. And in fact,
the meanqueuelengthsare closertogetherfor MWM, SIMP
andiMCFF thanfor MSM and RANDOM. The big numbers
for wpcrt /Wecr— With unweightedmatchingshaow that this
is not a very good choice. This emphasisethe necessityto
useweightedmatchingin a switch.  Using the knowledge
Apcr+/Apcr— = r = 100 the resultsin table 2 are consistent
with Little’s Law

WPCR+
WpCR-

decry ApcRi _

dy-Ax =
XX drcr_ APCR_

Wy = (6)

The ratio dpcry+/dpcr- IS equalone for pure output queue-
ing (OQ). With SIMP or ary other weightedalgorithm the
resultsare very closeto that. In table 3 the resultsfor re-
strictedwordlengthsfor SIMP are shavn, using saturationor
compandingThe essencés thatwith afew bits agoodperfor

manceevenin burstyandasymmetridraffic conditionscanbe
achieved.

Brategroupis denoted® CRxxxx,correspondso samea,;
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Figure12: highestpriority (SIMP, p; = 0.2)

5.3 Priority Arbitration Results

Priority separatioris obtainedby the main parametepriority
weightfactor kg = 2ba (bg shift bits). Two degreesof freedom
in the choiceof traffic parametersnanifestin pigta) = p1+ P2
andsp; (shareof first priority cells) with p1 = Sp1 - Protal @and
P2 = (1—Sp1) - Protal- The behavior for two priority classe¥
canbeseenin fig. 12, wherep; = 0.2is heldconstanandp; is
variedasburstytraffic. We seethatthe influenceof the lower
priority loadonthehigherpriority performancés only two cell
slotswhenserenor morebits areusedwith SIMP. As the CDF
in fig. 6 shaws,theprobabilityof aweightoverflow is low then.
For MWM somemoreresultscanbefoundin [15].

Thenumberof bits neededor agoodpriority separatiorcan
be obtainedfrom fig. 13 and 14. For theseresultswe studied
themeandelayfor bothpriority groupsatafixedloadp = 0.7
andafixedratio sp; = 0.2 asafunctionof differentb,. These
valueshave revealedto be mostexpressie.

For bursty traffic and without saturationor companding
aboutbp = 6 bits are neededio separatehe prioritiesin the
bestway. The higherpriority traffic performancedoesalmost
only dependon its total load. The performancebecomedo-
tally independenivhenMWM is used[15], but with the SIMP
approximatiorwe still have somesmallcoupling.

The deterministicseparationby saturationavoids weight
overlapping(wio,p+1 cannotbecomehigherthan 20) but the
weightdynamicsis smallerbecausall possiblevaluesarein
theinterval [0, 2° — 1]. With the sameb, compandings more
effective. In fig. 14 we thereforeobsene the bestseparation.
A threebit compandedveightoffersthe besttradeof between
dynamicsandpriority separation.

6 Conclusion

Weightedarbitrationalgorithmsarerecommendeébr offering
low delaysunderall workload conditions. Especiallyunder
otherthansymmetridoadsunweightedhlgorithmsdo not offer
full throughputandyield very high delays.We have proposed
the SIMP algorithm as a useful approximationof maximum
matching. Finite weight wordlengthsare requiredfor anim-
plementation. This can be usedseamlesslyo supportprior-
ities. Performanceesultsin variousload conditionsconfirm
theefficiency of thegivenalgorithms.

14herethe higherpriority traffic is Bernoulli, thelower is bursty
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