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Abstract

Input buffered switchesmost efficiently use memory and
crossbabandwidth. Virtual OutputQueueingVOQ) is re-
quiredto circumwentthe head-of-lineblocking limiting the
throughputto 58.6%. For the slottedaccesscontrol to the
switchfabric,weightedarbitrationalgorithmsachievze 100%
throughputwith lowestdelaysunderall admissibletraffic.
Following the arbitration decision, distributed QoS-avare
cell schedulergiecidelocally in eachinput port uponthe
next cell to forward. In this paperwe treatcell scheduling
algorithmsemployedin VOQ switchesjn contrasto output
gueueingOQ). We shaw thattypical schedulingproperties
alsohold underthe VOQ architectureand give representa-
tive quantitatve performanceesults.

1 Intr oduction

Very high speedswitchesare neededfor future ATM and
IPv6 networks. Input queuedswitchesare most powerful
becausedhe accesgate of crossbarand buffer memoryis
not higherthantheline rateof the connectedinks. For the
classicalFIFO queueorganizationit is known that dueto
head-of-lineblocking the maximumthroughputis approxi-
mately58.6%[4]. The Virtual OutputQueueingVOQ)can
avoid blocking by bypassingcells destinedfor free output
ports[15]. Eachinput manages separatejueuefor each
output(fig. 1). It hasbeenshavn thata throughpubf 100%
canthenbeachiered[13, 14, 16].

Arbitration algorithmsare usedto control the accesf
gueuedo the switch fabric by resolvingthe contentionfor
the sameoutput portsin eachtime slot. The achievable
throughputand delay performancedependson the arbitra-
tion algorithm. Weightedalgorithms[20] offer the bestde-
lay performanceand they are requiredto operatewell in
otherthan symmetricload configurations. A global prior-
ity schemas alsomanagedn thearbiter[19].

After the arbitrationdecisionin eachinput port a proper
cell mustbe selectedfor transmissiorto the given output
port. Unlike otherpapersassuming-CFSserviceit is nec-
essaryto provide cell schedulingin the input ports within
eachpriority class.By doingso problemsof QoS,flow sep-

arationandfairnesscanbe addressed.

In this papersomepopularcell schedulingalgorithmsare
analysedandcomparedn VOQ andOQ configuration.We
shaw thatsimilar performancén bothconfigurationcanbe
expectedfor (weighted)round-robinand earliest-deadline-
first schedulerslt is shavn that momentsand quantilesof
the VOQ waiting time distribution arehigherthanin anOQ
configurationput theprincipalschedulingpropertieof QoS
distinctionwork aswell.

The paperis organizedas follows. Section2 discusses
VOQ and arbitrationalgorithms. Selectedcell scheduling
algorithmsaretreatedin section3. In section4 resultsfor
VOQ schedulersiregiven.

2 Arbitration in VOQ Switches

Figurel shavs the VOQ configuration[15] which consists
of M portsfor input and output,a nonblockingswitch fab-
ric and an arbitrationunit. Arriving cells on input port i
areplacedinto the correspondingjueuefor their destination
porto. Its currentqueuesizeis g o. Theprocesof arrivals
to this queueis characterizedy a meanrate A o. Let the
inputandoutputloadsbe

out __ M_l)\_ Tt in _ M_l)\. T. 1
P = E ijolsioty P = E i,0 Islot (1)
i= =

Theloadis admissiblg15] if Yo: p* < 1 andVi : p}“ <1
In eachtime slotthearbiterselectauniquepairsof inputand
outputports(a”match” (i,0)) basedon weightinformation
sentto it from theinputports.

For this bipartitegraphmatchingproblem[15] (fig 2) the
optimum maximumsize matching(MSM) or a maximum
weight matching(MWM) [18] algorithmsexist. With a
weightchoseraswi o = 0 o thealgorithmis called”longest
queusfirst” (LQF) in [14], andit hasbeenshavn that100%
throughputcan be achieved for all admissiblei.i.d. ar
rivals[14] with MWM. Withoutweightinformation,aswith
MSM, instability and unfairnessare likely and cell delays
becomeverylargefor bursty or asymmetridoad[20].

Because of the MWM and MSM compl«ity
(O(M3logM)) a number of approximationshave been
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proposedsuchasiMCFF [16], iLQF [13] and SIMP [20].
MSM approximationsexist with PIM [1], iSLIP [13] or
WFA [22]. For ourarchitecturethe SIMP algorithmis used,
becauseits delay* performanceis betweenthe optimum
MWM andiMCFF [16], asshovn in figure3. Thealgorithm
is outlinedhereshortly:

Algorithm ,,SIMP”
letT beanorderedist of all iInputportsandO thelist of all outputports
letl’ + | andO « O
choosehefirst outputport o, outof theorderedist O
chooseheinputportic to matchasonewith wi. = max¢ (W),
resole ambiguitieg(sameweights)in round-robinfashion
if wi, > 0 matchic with o; andletl” 1"\ i¢ (setminus)
reducethematchspaceby letting O’ + O'\ o¢
repeaisteps3-6 until O’ = 0 (M repititions)
shift thelist O cyclically beforethe next slot
to achieve round-robinfairnessetweerputputs
startthenext time slot at step2

© o~NOoG AwWNH

Becauseof the compleity of the M?-dimensionalstate
spacean analyticaltreatmentis difficult. In the literature
only unweightedalgorithmsaretreated[13, 17], or the as-
sumptionssimplify it to anOQ model[6]. Sofartherehas
beennotreatmenbf separat&/OQ cell scheduling.

In figures5 and 6 the time betweensuccessie service
eventsis showvn for differenttraffic andfor SIMP or SLIP.
Obsene the periodicity in multiples of M - Tgt, Which is
mostdominantfor SLIP. An M/D/1 model per port with
anM-slow sener (U= TSTO%M‘l) slightly underestimatethe
delayfor SLIP. For lower load or smoothtraffic with SIMP

lin this paperwe usethetermdelayasa synorym for waiting time; in
thegraphsall constanbffsetsareomitted

Figure6: SLIP interservicePDF

an exponentialdistribution looks very similar. However it

is wrong to assumethat an M/M/1 queueingsystemcan
describeary of theresults. In the VOQ systemthereis no

statisticalindependencbetweerarrivalsandservice thusit

would be an overestimatiorby arounda factorM. The de-
pendencés exactly whatwe wantweightedmatchingalgo-
rithmsto achieve. Thereis lessthana factorof two between
0OQ andVOQ cell delays,aswell for mean(fig. 3) andfor

quantile$ (fig. 4). In section4 an approximatve analytic
modelis presented.

3 Cell SchedulingAlgorithms

The reasonfor sophisticatedell schedulingalgorithmsis

the global provision of an individual perstreamQoS and
the decisionwhich concretecell to sendin a slot-by-slot
timescale. In traditional output-queuedOQ) switchesall

cellsfor aspecificegresdink arehandledoy onecell sched-
uler in eachoutputport andthereis almostno difference
betweenrthe multiplexer beingfed by M input links with a
rateof A/M eachor oneinputwith arateA. For M — c an
FCFS schedulemwith Poissortraffic is appropiatelymod-
elled by an M/D/1 queueingsystem. A lot of analytical
resultsand approximationsre availablefor simpleG/D/1

systemd8, 21], e.g. underburstyworkload(MMPP/D/1).

In mary casesthe performancecan be numericallycalcu-
lated as the cell delay distribution PDF(d) in stationarity

2for delayquantiled, holds: Pr{delay > d¢} =€
SFCFS=first come first sened [8], WFQ=weightedfair queueing,
(W)RR=(weightedyoundrobin, EDF=earliestieadlin€first
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For realtimeapplicationdhe QoSdemandperswitchcanbe
expresse@sPr{d > dmax} < € wheree anddmaxarederived
from ATM traffic andQoSparameter§2].

More complex schedulerdhave evolved for the needto
treatdistinct traffic streamsdifferently. The static priority
(SP) system[21] separatesraffic by priority classessuch
thatary lower-priority traffic hasnoinfluenceonary higher
priority stream. This is usefulfor separatingealtimenon-
bursty, bursty andbesteffort traffic. It is not suitedfor sup-
portingindividual dma{VC] perconnectior(VC).

Two families of QoS-capableschedulersvolved in the
past,eachof themhaving a parameteper connectionVC),
with whichtheperformanceanbecontrolled.Thefamily of
WF Q?® schedulersisesarate-proportiongbarametew[VC],
which guarantees certainshareof the bandwidthduring
congestiorand offers an averageservicerate proportional
to WVC]. The lowercompleity approximationof WFQ,
WRR [5] andRR® (unweightedareassumedhere.

The otherfamily offersa parameteD[VC] which hasthe
meaningof deadline ThealgorithmEDF 3 [3, 9] is knownto
be optimumin thesensdhatit minimizesthetotal probabil-
ity of exceedingthe deadlinedor all streams.With a prop-
erly choserparameteD[VC] = dma{VC] + ¢ this very suc-
cessfullyguaranteesndividual delay bound$ statistically
The compleity of EDF dueto its timestamp-sortecanbe

4thesearemuchtighterthanworst-caséoundsandallow for thehighest
utilization[3]

le-05
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Figure7: OQ switch: Pr{d > t} for FCFS,EDF, RRandWRR (in Z-order)atp = 0.95

reducedby its approximatiorRPQ[11, 10] with any preci-
sion.

Theseschedulerdiave beenevaluatedandsimulatedin a
traditional OQ ervironmentfor later comparisorwith their
VOQ counterpart. For the graphsshavn in this papera
16x16 switch hasbeensymmetricallyloadedwith Poisson
traffic® at p = 0.95 using2160stream$ with nine different
characteristicin rateanddeadlineasshavn in fig. 8.

The complementanydistribution functions (CDF) of the
cell delayare shown in figure 7. Analytically this approx-
imation for the waiting time distribution in G/D/1 sys-
tems[23] hasbeenused:

Priw<t} =1-ae™ 2)
_ 2E[w)? _ 2E[W]
e M TEw O

where the first and secondmomentare obtainedfor the
G/D/1//FCFS system.For EDF we obsere the desired
separatiorfor streamawith differentdelayrequirementsA
good approximation(seenas asymptotesn the figure) for
the CDFis givenby

Pr{w <t} = 1— ae{t+Do-Doi)

(4)

5Bursty traffic hasalsobeenusedbut doesnt contritute muchandis
omitteddueto spacdimitations
616 ports- 15 destinationgach- 9 classes
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Nearthe graphorigin the asymptotegor EDF aregivenby

formulas[21] for a static-priority (SP) system becausdor

ADg; — o EDF corvergesto SP The deadlinesanbe cho-
sendifferentlyfrom the demandedl,a{VC] by adjustingan
offsetc[VC] in the casethatdifferentcell losstargetvalues
€[VC] arerequested7]. Thesimulationresultsn fig. 7 shav

thatin this examplethedelayrequirementarefulfilled with

ane of 3-1073,

4 VOQ Scheduling

A priority schememustbe establishedjlobally by the ar-
biter [19] (fig. 1). In a VOQ configurationthereare addi-
tional M virtual schedulerdor eachpriority in eachinput
port, onefor eachoutput. Any of theseschedulerss only
activatedto seneacellif inducedby thearbiter Thusthear
biterappointghe serviceinterval, opposedo an OQ switch,
whereacell is senedin eachtime slot.

TheVOQresultsin fig. 10 show thatin principlethe con-
nectionseparatiorworks the sameway asin the OQ archi-
tecture(fig. 7). For all loadsp theseresultscanbe obtained
using the delay quantilesin fig. 4. Thesedelay quantiles
are obtainedby simulationand analyticalmodelling. With
a stochastidPN system(Petri Net [12]) the arbitrationcan
be modelledmostaccurately Fig. 11 shavs the net for a
2x2 switch, wherecyclic polling of ports(RR)— RRL) and
weight-dependertiring in the transitionsS00— S11 have
beenexplicitely included. The stationarysolution of this
systemis computationallyvery intensive asthe numberof
Markov stateggrow large.

Alternatively amoreabstractmodellingof thereasongor
ahigherdelay theinputandoutputconflicts,providesquite
good results. For the performancerom porti to o this is
modelledn fig. 9 by having theinputandoutputportloaded
by pi" and pg* (eq. 1) respectiely. With anindependent
probability 1/M atokenin Qic is transferredo Qoc. The
performances similar to two virtual M/D/1-type queues
in series. Thusthe calculatedapproximationsn fig. 4 can

(®)

Figure9: moreabstracPN systentor VOQ arbiter
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Figure11: PN systenfor SIMP arbiter

be obtainedhasedon eq.2. Thegeneraldelayquantilesare
givenin eq.6 andespeciallyfor Poissortraffic in eq.7.

Ew?, ., EMW?

dE = Wln(ZEE[WZ] ) (6)
o Tsjat (2+p) 3p
ds,Pmsson— 3(1_ p) (8(2+ p)) (7)

Using the calculatedmomentsthe resultsin fig. 4 shov an
acceptablaccurag. This hasbeenusedto approximatehe
FCFSandEDF VOQ-schedulingperformancén fig. 10.

5 Conclusion

It is shawvn that in a switch using virtual-output-queueing
(VOQ) with weightedarbitrationcell schedulingalgorithms
arefeasibleand performthe samemannerasin an output-
queued(OQ) configuration,wherethey have traditionally
beenused.For ary schedulethedelaydistributionsareonly
a small factor higherthanin their OQ variant. Sometyp-
ical schedulersare comparedby simulationand analytical
methodsaregivento approximatelycalculatethe delayper
formancefor FCFSandEDF This enablesQoS-supporting
schedulerso beusedin this high-speedwitcharchitecture.
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