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Abstract
Input buffered switchesmost efficiently use memoryand
crossbarbandwidth.Virtual OutputQueueing(VOQ) is re-
quiredto circumventthe head-of-lineblocking limiting the
throughputto 58.6%. For the slottedaccesscontrol to the
switchfabric,weightedarbitrationalgorithmsachieve100%
throughputwith lowestdelaysunderall admissibletraffic.
Following the arbitrationdecision,distributed QoS-aware
cell schedulersdecidelocally in eachinput port upon the
next cell to forward. In this paperwe treatcell scheduling
algorithmsemployedin VOQswitches,in contrastto output
queueing(OQ).We show that typical schedulingproperties
alsohold underthe VOQ architectureandgive representa-
tivequantitativeperformanceresults.

1 Intr oduction
Very high speedswitchesare neededfor future ATM and
IPv6 networks. Input queuedswitchesare most powerful
becausethe accessrate of crossbarand buffer memory is
not higherthantheline rateof theconnectedlinks. For the
classicalFIFO queueorganizationit is known that due to
head-of-lineblocking themaximumthroughputis approxi-
mately58.6%[4]. TheVirtual OutputQueueing(VOQ)can
avoid blocking by bypassingcells destinedfor free output
ports [15]. Eachinput managesa separatequeuefor each
output(fig. 1). It hasbeenshown thata throughputof 100%
canthenbeachieved[13, 14, 16].

Arbitration algorithmsareusedto control the accessof
queuesto the switch fabric by resolvingthe contentionfor
the sameoutput ports in eachtime slot. The achievable
throughputanddelayperformancedependson the arbitra-
tion algorithm. Weightedalgorithms[20] offer thebestde-
lay performanceand they are requiredto operatewell in
other thansymmetricload configurations.A global prior-
ity schemeis alsomanagedin thearbiter[19].

After thearbitrationdecisionin eachinput port a proper
cell must be selectedfor transmissionto the given output
port. Unlike otherpapersassumingFCFSserviceit is nec-
essaryto provide cell schedulingin the input portswithin
eachpriority class.By doingsoproblemsof QoS,flow sep-

arationandfairnesscanbeaddressed.
In thispapersomepopularcell schedulingalgorithmsare

analysedandcomparedin VOQ andOQ configuration.We
show thatsimilarperformancein bothconfigurationscanbe
expectedfor (weighted)round-robinandearliest-deadline-
first schedulers.It is shown that momentsandquantilesof
theVOQ waiting time distributionarehigherthanin anOQ
configuration,but theprincipalschedulingpropertiesof QoS
distinctionwork aswell.

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

2 Arbitration in VOQ Switches
Figure1 shows theVOQ configuration[15] which consists
of M portsfor input andoutput,a nonblockingswitch fab-
ric and an arbitrationunit. Arriving cells on input port i
areplacedinto thecorrespondingqueuefor theirdestination
port o. Its currentqueuesizeis qi � o. Theprocessof arrivals
to this queueis characterizedby a meanrateλi � o. Let the
inputandoutputloadsbe

ρout
o

� M � 1

∑
i � 0

λi � oTslot ; ρin
i

� M � 1

∑
o� 0

λi � oTslot (1)

Theloadis admissible[15] if
�

o : ρout
o � 1 and

�
i : ρin

i � 1.
In eachtimeslot thearbiterselectsuniquepairsof inputand
outputports(a ”match” � i � o� ) basedon weight information
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
weightchosenaswi � o � qi � o thealgorithmis called”longest
queuefirst” (LQF) in [14], andit hasbeenshown that100%
throughputcan be achieved for all admissiblei.i.d. ar-
rivals[14] with MWM. Withoutweightinformation,aswith
MSM, instability andunfairnessare likely andcell delays
becomevery largefor burstyor asymmetricload[20].

Because of the MWM and MSM complexity
(O � M3logM � ) a number of approximationshave been
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proposed,suchasiMCFF [16], iLQF [13] andSIMP [20].
MSM approximationsexist with PIM [1], iSLIP [13] or
WFA [22]. For ourarchitecture,theSIMPalgorithmis used,
becauseits delay1 performanceis betweenthe optimum
MWM andiMCFF [16], asshown in figure3. Thealgorithm
is outlinedhereshortly:

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�
4 choosetheinputport ic to matchasonewith wic # maxi $ I �&% w�i ' ,

resolveambiguities(sameweights)in round-robinfashion
5 if wic ( 0 matchic with oc andlet I �" I �*) ic (setminus)
6 reducethematchspaceby lettingO�" O�+) oc
7 repeatsteps3-6until O� # /0 (M repititions)
8 shift thelist O cyclically beforethenext slot

to achieveround-robinfairnessbetweenoutputs
9 startthenext timeslotat step2

Becauseof the complexity of the M2-dimensionalstate
spacean analyticaltreatmentis difficult. In the literature
only unweightedalgorithmsaretreated[13, 17], or the as-
sumptionssimplify it to anOQ model[6]. So far therehas
beenno treatmentof separateVOQcell scheduling.

In figures5 and 6 the time betweensuccessive service
eventsis shown for differenttraffic andfor SIMP or SLIP.
Observe the periodicity in multiples of M , Tslot , which is
most dominantfor SLIP. An M - D - 1 model per port with
anM-slow server(µ � T � 1

slotM
� 1) slightly underestimatesthe

delayfor SLIP. For lower loador smoothtraffic with SIMP

1in this paperwe usethetermdelayasa synonym for waiting time; in
thegraphsall constantoffsetsareomitted

an exponentialdistribution looks very similar. However it
is wrong to assumethat an M - M - 1 queueingsystemcan
describeany of the results. In the VOQ systemthereis no
statisticalindependencebetweenarrivalsandservice,thusit
would beanoverestimationby arounda factorM. Thede-
pendenceis exactly whatwe wantweightedmatchingalgo-
rithmsto achieve. Thereis lessthana factorof two between
OQ andVOQ cell delays,aswell for mean(fig. 3) andfor
quantiles2 (fig. 4). In section4 an approximative analytic
modelis presented.

3 Cell SchedulingAlgorithms
The reasonfor sophisticatedcell schedulingalgorithmsis
the global provision of an individual per-streamQoS and
the decisionwhich concretecell to sendin a slot-by-slot
timescale. In traditional output-queued(OQ) switchesall
cellsfor aspecificegresslink arehandledby onecell sched-
uler in eachoutput port and thereis almostno difference
betweenthe multiplexer beingfed by M input links with a
rateof λ - M eachor oneinput with a rateλ. For M . ∞ an
FCFS3 schedulerwith Poissontraffic is appropiatelymod-
elled by an M - D - 1 queueingsystem. A lot of analytical
resultsandapproximationsareavailablefor simpleG- D - 1
systems[8, 21], e.g. underburstyworkload(MMPP- D - 1).
In many casesthe performancecan be numericallycalcu-
latedas the cell delaydistribution PDF � d � in stationarity.

2for delayquantiledε holds:Pr / delay 0 dε 132 ε
3FCFS=first come first served [8], WFQ=weightedfair queueing,

(W)RR=(weighted)roundrobin,EDF=earliestdeadlinefirst
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For realtimeapplicationstheQoSdemandperswitchcanbe
expressedasPr � d > dmax� � ε whereε anddmaxarederived
from ATM traffic andQoSparameters[2].

More complex schedulershave evolved for the needto
treatdistinct traffic streamsdifferently. The staticpriority
(SP) system[21] separatestraffic by priority classessuch
thatany lower-priority traffic hasnoinfluenceonany higher-
priority stream.This is usefulfor separatingrealtimenon-
bursty, burstyandbesteffort traffic. It is not suitedfor sup-
portingindividualdmax@VCA perconnection(VC).

Two families of QoS-capableschedulersevolved in the
past,eachof themhaving a parameterperconnection(VC),
with whichtheperformancecanbecontrolled.Thefamilyof
WFQ3 schedulersusesarate-proportionalparameterw @VCA ,
which guaranteesa certainshareof the bandwidthduring
congestionand offers an averageservicerate proportional
to w @VCA . The lower-complexity approximationsof WFQ,
WRR3 [5] andRR3 (unweighted)areassumedhere.

Theotherfamily offersa parameterD @VCA which hasthe
meaningof deadline.ThealgorithmEDF3 [3, 9] isknownto
beoptimumin thesensethatit minimizesthetotalprobabil-
ity of exceedingthedeadlinesfor all streams.With a prop-
erly chosenparameterD @VCA � dmax@VCACB c this very suc-
cessfullyguaranteesindividual delay bounds4 statistically.
The complexity of EDF dueto its timestamp-sortercanbe

4thesearemuchtighterthanworst-caseboundsandallow for thehighest
utilization [3]

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

Theseschedulershave beenevaluatedandsimulatedin a
traditionalOQ environmentfor later comparisonwith their
VOQ counterpart. For the graphsshown in this papera
16x16 switch hasbeensymmetricallyloadedwith Poisson
traffic5 at ρ � 0 ? 95 using2160streams6 with ninedifferent
characteristicsin rateanddeadline,asshown in fig. 8.

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

Pr � w D t � � 1 E ae� bt (2)

a � 2E @ wA 2
E @ w2 A and b � 2E @ wA

E @ w2 A (3)

where the first and secondmomentare obtainedfor the
G- D - 1- ∞ - FCFSsystem.For EDF we observe thedesired
separationfor streamswith differentdelayrequirements.A
goodapproximation(seenasasymptotesin the figure) for
theCDFis givenby

Pr � w D t � � 1 E ae� b � t F D̄0 � D0i � (4)

5Bursty traffic hasalsobeenusedbut doesn’t contribute muchandis
omitteddueto spacelimitations

616ports G 15destinationseachG 9 classes
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usingthemeandeadlinevalue[23]

D̄0
� ∑i λiD0i

∑i λi
(5)

Nearthegraphorigin theasymptotesfor EDF aregivenby
formulas[21] for a static-priority(SP)system,becausefor
∆D0i . ∞ EDF convergesto SP. Thedeadlinescanbecho-
sendifferentlyfrom thedemandeddmax@VCA by adjustingan
offsetc @VCA in thecasethatdifferentcell losstargetvalues
ε @VCA arerequested[7]. Thesimulationresultsin fig. 7 show
thatin thisexamplethedelayrequirementsarefulfilled with
anε of 3 , 10� 3.

4 VOQ Scheduling
A priority schememustbe establishedglobally by the ar-
biter [19] (fig. 1). In a VOQ configurationthereareaddi-
tional M virtual schedulersfor eachpriority in eachinput
port, onefor eachoutput. Any of theseschedulersis only
activatedto serveacell if inducedby thearbiter. Thusthear-
biterappointstheserviceinterval,opposedto anOQswitch,
wherea cell is servedin eachtimeslot.

TheVOQresultsin fig. 10show thatin principlethecon-
nectionseparationworks thesameway asin theOQ archi-
tecture(fig. 7). For all loadsρ theseresultscanbeobtained
using the delay quantilesin fig. 4. Thesedelay quantiles
areobtainedby simulationandanalyticalmodelling. With
a stochasticPN system(Petri Net [12]) the arbitrationcan
be modelledmostaccurately. Fig. 11 shows the net for a
2x2 switch,wherecyclic polling of ports(RR0 E RR1) and
weight-dependentfiring in the transitionsS00 E S11 have
beenexplicitely included. The stationarysolution of this
systemis computationallyvery intensive as the numberof
Markov statesgrow large.

Alternatively amoreabstractmodellingof thereasonsfor
a higherdelay, theinputandoutputconflicts,providesquite
goodresults. For the performancefrom port i to o this is
modelledin fig. 9 by having theinputandoutputport loaded
by ρin

i and ρout
o (eq. 1) respectively. With an independent

probability 1- M a token in Qic is transferredto Qoc. The
performanceis similar to two virtual M - D - 1-typequeues
in series.Thusthe calculatedapproximationsin fig. 4 can
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beobtainedbasedon eq.2. Thegeneraldelayquantilesare
givenin eq.6 andespeciallyfor Poissontraffic in eq.7.

dε
� E @ w2 A

E @ wA ln � 2 E @ wA 2
εE @ w2 A � (6)

dε � Poisson
� Tslot � 2 B ρ �

3 � 1 E ρ � ln � 3ρ
ε � 2 B ρ � � (7)

Using the calculatedmomentsthe resultsin fig. 4 show an
acceptableaccuracy. Thishasbeenusedto approximatethe
FCFSandEDFVOQ-schedulingperformancein fig. 10.

5 Conclusion
It is shown that in a switch using virtual-output-queueing
(VOQ)with weightedarbitrationcell schedulingalgorithms
arefeasibleandperformthe samemannerasin an output-
queued(OQ) configuration,where they have traditionally
beenused.For any schedulerthedelaydistributionsareonly
a small factorhigher than in their OQ variant. Sometyp-
ical schedulersarecomparedby simulationand analytical
methodsaregivento approximatelycalculatethedelayper-
formancefor FCFSandEDF. This enablesQoS-supporting
schedulersto beusedin thishigh-speedswitcharchitecture.
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