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Abstract

Practical crossbar scheduling algorithms for CIOQ
switchessuch as PIM and � -SLIP, can performpoorly un-
derextremetraf�c conditions,frequentlyfailing to bework-
conserving. The commonpracticeof evaluatingcrossbar
schedulingalgorithmsaccording to thepacket delayunder
randomadmissibletraf�c tendsto obscure signi�cant dif-
ferencesthat affect the robustnessof different algorithms
whenexposedto extremeconditions. On the other hand,
algorithmssuch asLOOFA with provablygoodworst-case
performance, don't lendthemselvesreadily to high perfor-
manceimplementation.We advocateevaluatingcrossbar
schedulingalgorithmsusingtargetedstresstestswhich seek
to probe the performanceboundariesof competingalter-
natives.Appropriatelydesignedstresstestscan revealkey
differencesamongalgorithmsand can provide the insight
neededto spurthedevelopmentof bettersolutions.

In this paper, we introducethe useof stresstestingfor
crossbarschedulinganduseit to evaluatetheperformance
of PIM, � -SLIP and LOOFA. Our resultsshowthat PIM
and � -SLIP needlarge speedupsin order to performwell
on stresstests,while LOOFA can deliver excellentperfor-
mance, evenfor speedupslessthan1.5.Wethendevelopim-
provedversionsof PIM and � -SLIP, which takeoutputqueue
lengthsinto account,makingthemmuch more robust. We
also developan algorithm which closelyapproximatesthe
behavior(andperformance)of LOOFA, but which admitsa
straightforward, high performancehardware implementa-
tion.

1 Intr oduction

The conceptualsimplicity of an output queuedrouter
makesit an ideal candidatefor routerarchitecturedesign.
An output queuedrouter with N input and output ports,
buffers packets only at the outputs. When two or more
packetsdestinedto thesameoutput,arrive simultaneously
at differentinput ports,they aretransferredimmediatelyto

theoutputqueueto avoid packet loss.Hence,theswitching
fabric of an outputqueuedrouterneedsto be scaledwith
thenumberof portsN. Theincreasein the link ratesof in-
dividual portsandalsothetotal numberof portssupported
ona singleswitchmakesthetaskof scalingtheswitchfab-
ric with thenumberof portsinfeasible.Hence,mostscal-
able switchesemploy someform of both input and out-
put queuing. This CombinedInput and Output Queuing
(CIOQ) lets us uselower speedswitching fabricswithout
any packet loss. Whentwo or morepacketscontendto go
to the sameoutput,someof themare temporarilyheld in
theinput queuesbeforebeingtransmittedto theoutputs.In
typicalCIOQswitches,thespeedupof theswitchingfabrics
over individual link ratesis a smallconstant.

The inputsin CIOQ switchesmaintainseparatequeues
for eachoutput(calledVirtual OutputQueues(VOQ)) and
usea schedulingalgorithmto determinewhich cells from
various inputs are transferredto outputs in a given cy-
cle. The use of VOQs helps alleviate the problem of
performancedegradationdueto head-of-lineblocking [1].
The objective of the schedulingalgorithmsusedin these
swtichesis to approximatethe work conservingproper-
ties of a pureoutputqueuedswitch. A numberof stabil-
ity resultshave beenproved regardingthe performanceof
schedulingalgorithmsunderadmissibletraf�c. A traf�c
patternis saidto beadmissibleif no inputor outputis over-
subscribed.A maximumsizematchinghasbeenshown to
be stablefor i.i.d arrivals up to an offered load of 100%
whenthe traf�c is uniform andadmissible[2]. It hasalso
beendemonstratedthata maximumweightmatchingalgo-
rithm canleadto amaximumthroughputof 100%for inde-
pendentandeitheruniform or non-uniformtraf�c [3]. The
weightsusedin thesealgorithmscanbethelengthsof vari-
ousVOQSor cell arrival times[4]. Unfortunately, thebest
known algorithmsfor performingamaximumsizematchor
maximumweight matcharetoo complex ( �����	� 
�� [5] and

���
������������� [6] , respectively) for high speedimplemen-
tations.Hence,a numberof heuristicalgorithmshavebeen
proposedto approximatethebehaviour of thesecomplex al-
gorithms.PIM [7] andiSLIP[8] areexamplesof algorithms
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whichattemptto convergeonamaximalmatchingandiLPF
[9] is an algorithmwhich approximatesmaximumweight
matching.Though,thesealgorithmsarecomparativelysim-
pler to implement,they donotmatchtheperformanceof an
outputqueuedswitchunderextremetraf�c conditions.

Effortshave beenmadeto designschedulingalgorithms
which canretain the propertiesof outputqueuedswtiches
under all traf�c patterns. Theseworst caseresultsusu-
ally needincreasedspeedupin theswitchto maintaintheir
throughputunder all traf�c conditions. Reference[10]
proposesa schedulingalgorithmcalledCritical CellsFirst
(CCF) which (with speedupof 2) canexactly emulatean
outputqueuedswtich, i.e, it is both work conservingand
preservesthecell orderingof anidealoutputqueuedswitch.
Reference[11] presentsa simpler( ����� � ) algorithmcalled
LowestOccupancy OutputFirstAlgorithm(LOOFA) which
keepsthe switch work conservingunderall traf�c condi-
tions.Thisalgorithmcanbeaugmentedwith timestampsto
preserve thecell orderingin a switchwith a speedupof 3.
However, thesesigni�cant algorithmsarealsonot practical
for highspeedimplementations.

For example,a switch with links operatingat a rateof
10 Gb/shaslessthan40 nsto make a schedulingdecision!
This implies thatoften, it is the implementationsimplicity
which is theprimary factorin determiningwhich schedul-
ing algorithmsareusedin mosthigh speedrouters.Hence,
theseworst caseresultsareonly of theoreticalinterestand
limited use. On the otherhand,it is non-tivial to arrive at
any de�nite conclusionsaboutthe performanceof imple-
mentableschedulingalgorithms,especially, underextreme
traf�c conditions. This is particularlyof concernbecause
of the unregulatednatureof IP networks which cancause
sustainedoverloadsat outputportsof routers.Therearea
numberof factorswhich canleadto overloadproblemsin
IP networks

� limited route diversity which makes congestedlinks
common.

� use of route selection mechanismswhich are not
guidedby sessionbandwidthneeds.

� suddenroute changeswhich can causerapid traf�c
shifts.

� useof slow congestioncontrolmechanisms.

� presenceof malicioususers.

Theseoverloadconditionsin IP networks are essentially
inadmissible traf�c patterns that can potentially cause
schedulingalgorithmsto underperformleading to a loss
in throughput. Hence,it is not clear how most practical
schedulingalgorithmsusedin switcheswould performun-
dermorerealistic,inadmissibletraf�c conditionsin IP net-
works.

To studythe performanceof schedulingalgorithmsun-
der theseextreme traf�c conditions,we have designeda
stresstest. This stresstest is a traf�c patternwhich simu-
latestheunregulatednatureof IP networksby overloading
thevariousoutputsof a switchwith theobjective of bring-
ing abouttheworstcaseperformanceof theschedulingal-
gorithms. The testwhile not providing any conclusive ev-
idence,helpsus in makingmeaningfuldistinctionsamong
algorithmsoperatingunderextremeconditions.Weusethis
stresstestasa tool to gaininsightinto

� performanceof practicalschedulingalgorithmsunder
extremeconditions

� performanceof work conserving scheduling algo-
rithmsunderspeedups��� .

� in design of stress resistant schedulingalgorithms
which maintaintheir throughputboth underuniform
traf�c andstresstestsandstill aresimpleenoughto be
usedin highspeedimplementations.

In this paper, we �rst study the performanceof crossbar
schedulingalgorithmsPIM, iSLIP andLOOFA underuni-
form traf�c andthestresstest.We demonstratethatthough
PIM and iSLIP perform well underuniform traf�c, they
have low throughputsunderthestresstest. While LOOFA
has good throughputeven under the stresstest, it is too
complex for implementation.From the performancestud-
ies we observe that schedulingalgorithmswhich favour
outputswith smallerqueuelengthsover thosewhich have
greaterqueuelengthscan maintaintheir throughputeven
underextremeconditions.Usingthis insight,we presenta
simple heuristiccalled the LowestLayer Selection(LLS)
that we then useto createstressresistantbut still imple-
mentableversionsof PIM and iSLIP. Thesealgorithms
calledLLS-Random(LLS-R) andLLS-Slip (LLS-S) have
goodperformanceunderboth stresstestanduniform traf-
�c. Wealsopresentanapproximatebut implementablever-
sion of LOOFA called approximateLOOFA (A-LOOFA)
which only maintainsan approximateorderingof the out-
putsbasedon their queuelengthsbut is still stressresistant.

2 StressTest

Most prior work comparestheperformanceof schedul-
ing algorithmsfor CIOQswitchesby measuringtheaverage
queuingdelayof packetsfor varioustraf�c workloads.Av-
eragequeuingdelayasa metric can be usedto study the
relative performanceof two algorithmsfor a given work-
load.But, it is dif�cult to quantifytheabsoluteperformance
(throughput) of an algorithm using the measuredaverage
queuingdelays,especially, whenthetraf�c workloadis in-
admissibleand/ornon-uniform,wheretheinherentqueuing
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Figure 1. Example of stress test with 3 par tic­
ipating inputs and 4 phases

delaysof thepacketsdueto thetraf�c sourcestendsto dom-
inateovertheactualdelaysinducedby theschedulingalgo-
rithm. Evenwhenthetraf�c isuniform,while themaximum
throughputachievedcanbeinferredfrom themeasuredav-
eragequeuingdelays,it is non-trivial to quantify theexact
throughputachievedatvarioustraf�c loads.

In thissection,weuseametriccalledthemissfractionto
quantifythethroughputachievedby aschedulingalgorithm
usedin a CIOQ switch. In a given measurementperiod,
let ��� bethenumberof cells forwardedby a switchusing
schedulingalgorithm

�

and ��� bethenumberof cellsfor-
wardedby the ideal outputqueuedswitch whensubjected
to thesameworkloadasalgorithm

�

. Thenmissfractionis
de�ned as

missfraction ���	�

�
�

�
�

Thus,themetric essentiallydeterminesthe relative lossin
throughputof aswitchusingthegivenschedulingalgorithm
as comparedto the ideal output queuedswitch underthe
sametraf�c conditions. The miss fraction provesto be a
particularlyusefulmetric in inadmissibletraf�c conditions
wheretheaveragequeuingdelaysareusuallyunbounded.

To test the performanceof schedulingalgorithmsfor
CIOQswitchesunderextremeandinadmissibletraf�c con-
ditions,we have designeda stresstest. Thestresstestsim-
ulatesunregulatedtraf�c by causingsustainedoverloadsat
variousoutputsof therouter. Also, while stressingindivid-
ual outputs,the testattemptsto bring abouttheworst case
performancein thework-conservingnatureof theschedul-
ing algorithm.To achieve this, thetesttakesanadversarial
approachto stressingvariousoutputswith the goal of in-
creasingthemissfractionof theschedulingalgorithm.The
adversarialapproachof thestresstesttriesto createcondi-
tionswhere,

1. A single outputwhich hasan emptyqueuehascells
queuedfor it at variousinputs.

2. Inputswhich have cells queuedfor an outputwith an
emptyqueue,alsohavecellsqueuedfor otheroutputs.

A traf�c patternwhich cancreatesuchconditionscanpo-
tentially causea schedulingalgorithmto incur greatermiss

fractions. In particular, the stresstest we have designed,
consistsof a seriesof phases,as illustratedin Fig. 1. In
the �rst phase,thearriving traf�c at eachof several inputs
is sentto a singleoutput. This causeseachof the inputs
to build a backlogfor the targetoutput. The arriving traf-
�c at all inputsis thenswitchedto asecondoutput,causing
theaccumulationof abacklogfor thesecondoutputateach
of theinputs.Successivephasesproceedsimilarly, creating
backlogsat eachinput for eachof severaloutputs.During
the �nal phase,the arriving traf�c at eachof the inputs is
switchedto distinctnew outputs.Since,theseinputsarethe
only sourceof traf�c for thenew targetoutputs,they must
sendpacketsto themasquickly asthey comein, while si-
multaneouslyclearingthebacklogfor otheroutputs,in time
to preventunder�ow at thoseoutputs. This createsan ex-
tremeconditionthat cancauseunder�ow andincreasethe
missfraction.Thetiming of thetransitionsis chosento en-
surethatall theVOQsateachof theparticipatinginputsstill
havesomebacklogat the�nal transition.Morespeci�cally,
to createtheworstcasetraf�c conditionsfor a givenalgo-
rithm, the traf�c is switchedto a new target outputwhen
the input backlogfor the currenttarget rises to the same
level astheinput backlogfor theprevioustarget.However,
when comparingthe performanceof different schedulers,
thetransitiontimesandmeasurementperiodsare�x edand
thesametestis appliedto all algorithms.Thestresstestcan
be varied by changingthe numberof participatinginputs
andthenumberof phases.

Fig. 2 better illustrates the progressof a stresstest.
Fig. 2(a) plots the queuelengthsof variousVOQs of the
�rst input ��� � , of a switchundera stresstestwith 3 partici-
patinginputsand4 phases.(Thistestis illustratedin Fig.1.)
Thealgorithmusedin theexampleis PIM andthespeedup
of the switch is ��
�� . The plot shows how the input directs
its traf�c to anew outputwhentheinputbacklogto thecur-
rentoutputequalsthatof thebacklogto a previousoutput.
In the lastphaseinput � is theonly input sendingtraf�c to
output � but it still accumulatesa backlogto thatoutputin-
dicatingmissesincurredby output � . Fig. 2(b) shows the
averagemissfractionincurredby thealgorithmin this test.
We usethe interval from thebeginningof the lastphaseto
the endof the simulationasa measurementperiodfor the
averagemissfraction due to the stresstest. This explains
thespike in themissfractioncurvein Fig.2(b). Algorithms
which have smallermissfractionsunderthesestresstests,
evidently maintaintheir throughputevenin overloadsitua-
tions.

Wenotethatthestresstestonly exempli�es ageneralap-
proachto evaluatingCIOQ algorithmsunderextremecon-
ditions. Theremay well be otherstresstestscenariosthat
aremorestressfulat leastfor somealgorithmsandthatal-
gorithmsthataredesignedto performwell onthestresstest
might performpoorly underothertests.However, theintu-
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Figure 2. Queue lengths of various VOQs and miss fraction for PIM under a stress test with 3
par ticipating inputs and 4 phases. (N=16, speedup=1.5)

itive basisof thestresstestprovidesgoodevidencefor dis-
tinguishingamongalgorithmswhich performwell in over-
loadsituationsandthosethatdonot.

We studythe performanceof variouscentralizedcross-
barschedulingalgorithmsunderthestresstestandpresent
simpleimprovementswhich retainthedesirableproperties
of thesealgorithmsandmake themstressresistant.

3 CrossbarSchedulers

In this section,we �rst study the performanceof the
crossbarschedulingalgorithms,PIM, iSLIPandLOOFA by
measuringtheirmissfractionsunderuniformtraf�c andthe
stresstest. We show that the simplealgorithms,PIM and
iSLIPperformpoorlyunderthestresstestthoughthey have
goodperformanceunderuniformtraf�c. Ontheotherhand,
LOOFA hasgoodperformanceunderthestresstestat rea-
sonablespeedupsbut is toocomplex for ahighspeedimple-
mentation.We notethatthebetterperformanceof LOOFA
underthestresstestis primarily dueto its outputordering
andpresentheuristicsto usethis insight in designingstress
resistantalgorithmsin thenext section.

3.1 Parallel Iterati veMatching (PIM)

PIM is aniterativematchingalgorithmwhichattemptsto
convergeon a maximalmatchin multiple iterations.Each
iterationconsistsof threestepswhere

1. Eachunmatchedinput sendsa requestto every output
for which it hasaqueuedcell.

2. If an unmatchedoutput receives any requests, it
choosesonerandomlyto grant.

3. If aninput receivesany grants,it chooseoneto accept
andnoti�es thatoutput.

In [7], the authorsshow that the algorithmconvergesto a
maximalmatchin ����� � � � � iterationsby showing thateach
iterationeliminates3/4 of the remainingrequests.It is in-
terestingto notethatthispropertyis independentof theway
theinputsselecta grantin thethird stepof thealgorithm.

Also, sincetheoutputssendtheirgrantsrandomly, when
all the input queuesare occupied,the probability that no
output will grant to a particular input in one iteration is

� ��� ��� �

�

� ��� � . Hence,in asingleiteration,thethroughput
of PIM is limited to � � ��� � � for largeN, which is approxi-
mately63%for � � ��� .

3.2 Iterati ve Round Robin Matching with Slip
(iSLIP)

iSLIP, like PIM, is aniterativealgorithmbut is designed
to give higherthroughputseven for a singleiteration. The
algorithmiteratesthefollowing threesteps

1. Each unmatchedinput sendsa requestto every un-
matchedoutputfor which it hasacell queued.

2. If an unmatchedoutput receives any requests, it
choosesonethat appearsnext in a �x ed, round-robin
schedulestartingfrom its inputpointer. Theoutputno-
ti�es eachinputwhetheror not its requestwasgranted.
Theinputpointerof theround-robinscheduleis incre-
mented(modulo� ) to onelocationbeyondthegranted
input if andonly if thegrantis acceptedin step3 of the
�rst iteration.Thepointeris not incrementedin subse-
quentiterations.
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3. If an input receivesa grant,it acceptstheonethatap-
pearsnext in a �x ed, round-robinschedulestarting
from its own output pointer. The output pointer of
the round-robinscheduleis incremented(modulo � )
to onelocationbeyondtheacceptedoutput.

The iSLIP algorithmmaintainsgoodperformanceeven
with a singleiterationunderheavy loadsdueto its desyn-
chronizationeffect. Step2 of thealgorithmcausesdifferent
outputsto sendgrantsto differentinputs,particularly, under
heavy loads,causinglargermatchesin singleiteration.

3.3 Lowest Occupancy Output First Algorithm
(LOOFA)

LOOFA is alsoan iterative algorithmwhich iteratesthe
following stepstill nomorematchescanbemade

1. Each unmatchedinput sendsa requestto an output
with the lowestoccupancy amongthosefor which it
hasat leastonequeuedcell.

2. Eachoutput,uponreceiving requestsfrom multiple in-
puts,selectsoneandsendsagrantto thatinput.

It has been proven that a switch using LOOFA with a
speedupof 2 is work conservingunderall traf�c condi-
tions [11]. But the algorithmrequires���
� � iterationsto
performcorrectly. This meansthat,unlike PIM andiSLIP,
thealgorithmcanhave biasedandunpredictablebehaviour
whenusedwith fewer iterations. For example,underuni-
form traf�c and heavy loads when all inputs have cells
queuedfor all outputs,all the inputssendrequeststo the
sameoutput in a single iteration! Suchbehaviour makes
LOOFA unsuitablefor usein high speedimplementations
wherethereis only time to performa few iterations.

3.4 PerformanceEvaluation

We �rst measurethe missfractionsof thesealgorithms
under uniform traf�c for varying number of iterations,
wherethe cells arrive asa Bernoulli processandareuni-
formly distributed over all outputs. The speedupof the
switch is ��
 � implying that all queuingis doneat the in-
puts. Fig. 3 andFig. 4 show thedifferencebetweenusing
missfractionandaveragequeuingdelayasa metricversus
offeredloadfor PIM andiSLIP, respectively.

While themaximumloadcarriedby a schedulercanbe
determinedfrom the delayplots, themissfractionscurves
alsoindicatethe throughputachieved by the algorithmsat
all loads.It canbeinferredfrom Fig. 3(a)that thequeuing
delaysareunboundedfor PIM for load � � 
 � � andthatthe
missfraction for PIM in Fig. 3(b) increasesto 0.36for an
offered load of 1. This is in agreementwith the fact that
the throughputof PIM is limited to ����� (for � � � � ) for

a singleiteration. iSLIP on theotherhandperformsmuch
betterevenwith a singleiteration. Themissfractioncurve
of iSLIP in Fig. 4(b) shows thatfor load � � 
 � � therateof
increaseof missfraction actuallyshows a sharpdecrease.
This is dueto thedesynchronizationeffectof iSLIP which
comesinto playwhenalmostall VOQshavenon-zeroback-
logswhich happensfor load ��� 
 ��� . Thenoiselike varia-
tion seenin the curveswheremissfraction is in the range

�

� 
 ��� ��� � 
 � ��� ��� is dueto thevery �ne granularityof obser-
vation.

To comparetheperformanceof thealgorithmsunderthe
stresstest,recallthatthetransitionstimesandthemeasure-
mentperiodsof thetesthave to be�x edfor all algorithms.
To determinethesebasicparameters,we subjectoneof the
algorithmsto astresstestwherethetransitionsbetweenvar-
iousphasestakesplacewhenthebacklogof theVOQat an
input to a targetoutputequalsthatof thebacklogof aVOQ
to a previousoutput. We thencomparetheperformanceof
therestof thealgorithmsunderthesametestwith theseba-
sicparameters.

Fig. 5(a) and Fig. 5(b) comparesthe performanceof
PIM, iSLIP andLOOFA undera stresstestwith 5 partici-
patinginputsand12phasesatvariousspeedups.In Fig.5(a)
the basicparametersweredeterminedto createworst case
traf�c scenariofor PIM(4) undera speedupof � 
 � . We de-
note the test with theseparametersas Test A. As can be
noted, PIM and iSLIP have poor performanceunder the
stresstest. iSLIP hasalmostthe sameperformancefor it-
erations � and � and hasmiss fraction of � ��� even at a
speedupof � . PIM shows improvementwith increasein it-
erationsfrom � to � but still hasa highermiss fraction at
variousspeedupswhencomparedto LOOFA. LOOFA has
beenprovento bework conservingfor unlimitediterations
underall traf�c conditionsfor a speedupof � . For this par-
ticular test,LOOFA needsaspeedupof just ��
 � to eliminate
all under�ow.

Fig. 5(b) comparesthe performanceof the algorithms
undera stresstestwherethe basicparametersweredeter-
minedto createworstcasetraf�c for LOOFA at a speedup
of � 
 � (TestB). Again, LOOFA haszeromissfraction for
speedups� � 
 � showing that theoutputorderingbasedon
queuelengthsin LOOFA effectively reducesall under�ow
even in extremeconditions. Thoughthe sametestdoesn't
causePIM and iSLIP to performasbadly as in Fig. 5(a),
theperformanceof thesealgorithmsdoesnot matchthatof
LOOFA.

Thesetestsdemonstratetheunderperformanceof widely
usedalgorithmslike PIM andiSLIP underoverloadtraf�c
conditions.
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Figure 3. Average delays and miss fractions for various iterations of PIM, N=16, speedup=1.0
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Figure 4. Average delays and miss fractions for various iterations of iSLIP, N=16, speedup=1.0

4 StressResistantAlgorithms

Thebetterperformanceof LOOFA underthestresstest
suggeststhat biasingoutputsto favour thosewith smaller
queuelengthsis the key to maintainingthroughputeven
underextremetraf�c conditions. Unfortunately, complete
orderingof outputsandthelargenumberof sequentialiter-
ationsneededto usethis orderingcanthemselvesbeobsta-
clesto implementingthesealgorithmsat high speeds.But,
we notethat the traf�c conditionsthatarein consideration
hereareessentiallypersistenttraf�c conditionsandthatal-
gorithmswhich achieve anduseeven approximateor par-
tial orderingof outputscanperformsigni�cantly betterthan
thosethatdo not take outputbacklogsinto considerationat
all. In this sectionwe introducetwo simpleheursitics

1. Lowest Layer Selection (LLS) heuristic which

achievesa coarser orderingof outputsbasedon their
queuelengths.

2. Odd-evensortingwhich achievesonly an approxima-
tion of the ideal orderingof outputsbut convergesto
theidealorderingunderpersistenttraf�c conditions.

We useLLS to designstressresistantvariantsof PIM and
iSLIPcallesLLS-Random(LLS-R) andLLS-Slip (LLS-S).
Weusetheodd-evensortingtechniqueto designanapprox-
imateversionof LOOFA calledapproximateLOOFA (A-
LOOFA). All thesestressresistantalgorithmshavebeende-
signedfor high speedimplementations.

4.1 LowestLayer Selection

PIM andiSLIPperformpoorlycomparedto LOOFA un-
der thestresstestbecausethey ignoreoutputoccupancies.
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Figure 5. Miss fractions for PIM, iSLIP and LOOFA under stress test with 5 par ticipating inputs and
12 phases.

On theotherhand,they performwell underuniform traf�c
andalsorequirefewer iterationsto convergemakingthem
moresuitablefor highspeedimplementations.

In thissection,wedescribeasimplelow-costmechanism
that can be usedto make PIM and iSLIP stressresistant.
Theimprovedalgorithmshavethesameperformanceunder
uniform traf�c andhave greatlyimprovedperformanceun-
derthestresstest.Theideais to prioritizetheoutputsbased
on their queuelengthssince,under�ow occursonly when
anoutputqueueis empty. Thevariousoutputsof theswitch
are divided into layers basedon their queuelength using
anexponentiallygradedscale.Fig. 8 shows aninstanceof
suchascalewith � � layers.In thisscale,queueswith length

���

areput in layer � , queueswith length �

�

and
�

� � are
put in layer � andsoon. Thequeuelengthcorrespondingto
a layer � is givenby

���

��� . Thelast layerof thescale( � � )
holdsall queueswith lengths�

���

�

�	�

, indicatingthatthe
scaledoesn't differentiatebetweenoutputswith the largest
queuelengths.Thusthelayeringof queuelengths

� achievesa coarserorderingof outputsbasedon queue
lengths.

� bigger layersareusedfor larger queuelengths,indi-
catingthatthereis lesschanceof under�ow at outputs
with largequeuelengths.

� beyond a queuelength limit (indicatedby the �nal
layer), all outputsaretreatedequalasit is not neces-
saryto orderoutputswith largequeuelengthsto avoid
under�ow.

Hence,the numberof layers itself is independentof the
numberof portsof theswitch(N) makingit possibleto use

.  .  .Layer

8 16 32 64 8*2 8*2
1514.  .  .

1 2 3 4 151413

Queue Length 8*2
13

Figure 8. Exponentiall y graded scale used in
assigning outputs to layers based on their
queue length.

a singlescalewith
�

to � � layersfor high speedswitches
with largenumbersof ports. Also, thelayersto which var-
iousqueuesbelongcanbetrivially updatedwhenever cells
areaddedor removedfrom thevariousqueues.

Algorithms use the layers to which the various out-
putsbelongby employing a LowestLayerSelection(LLS)
heuristic. The algorithms(LLS-R andLLS-S) in their ac-
ceptphasegivepriority to outputsin thelowestlayer. Thus,
the use of the Lowest Layer Selectionheuristic in these
algorithmsintroducesa bias towardsoutputswith smaller
queuelengths. The exponentialscaleusedin de�ning the
layersdeterminesthe extent of this bias, since the algo-
rithms still show their default behaviour to outputswhich
belongin thesamelayer. A scalewhichhasthin (andhence,
more)layers,forcestheinputstoalwaysacceptoutputswith
smallerqueuelengthsanda scalewith thick layerscauses
the inputsto pick outputsrandomly(in caseof PIM) or in
a round-robinorder (in caseof iSLIP) irrespective of the
queuelengthsof theoutputssince,outputsmoreoftenthan
notwill belongto thesamelayer.

Theheuristicitself canbeimplementedatnegligiblecost
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Figure 6. Miss fractions for LLS­R, LLS­S (using 16 layers) and Loofa under stress test with 5 par tic­
ipating inputs and 12 phases.

by maintainingperinput grant vectors. Thesevectorshave
� bit correspondingto eachlayer. Whenan outputsends
a grant to an input in a schedulingalgorithm, it also sets
thebit correspondingto thelayerto which its queuelength
belongs,in theinput'sgrantvector. Theinputcantheneas-
ily �nd the lowest layer of all grantingoutputsby usinga
priority encoderto �nd the�rst bit setto � in thegrantvec-
tor. Also, for crossbarsof moderatesize(32 ports),we can
quickly determinetheoutputwith thesmallestlayer index
usinganN-wayminimum�nding circuit.

4.1.1 LowestLayer Selection- Random(LLS-R)

LLS-R is an interative matchingalgorithmwhich usesthe
LLS heuristicand per input grant vectorsto improve the
performanceof PIM underthestresstest.TheLLS-R algo-
rithm iteratesthefollowing threesteps.

1. Eachunmatchedinput makes a requestto every un-
matchedoutputfor which it hasaqueuedcell.

2. If an unmatchedoutput receives any requests, it
choosesonerandomlyto grant.

3. Inputsusetheir grantvectorsto determinethe lowest
layeramongall thegrantingoutputsandacceptanout-
putbelongingto this layerandnotify thatoutput.

It is evidentthat thealgorithmis actuallysimilar to Par-
allel IterativeMatchingin the�rst two stepsanddiffersonly
in theacceptphasewheretheinputspick anoutputfrom the
lowestlayer. Hence,thealgorithmwill still convergeon a
maximalmatchin ����� � � � � iterations. The proof of this
claim is similar to theargumentmadein [7] for PIM.

4.1.2 LowestLayer Selection- Slip (LLS-S)

LLS-S is avariantof theiSLIPalgorithmobtainedby using
theLLS heuristicandperinputgrantvectors.Thealgorithm
iteratesthefollowing threesteps

1. Each unmatchedinput sendsa requestto every un-
matchedoutputfor which it hasacell queued.

2. If an unmatchedoutput receives any requests, it
choosesonethat appearsnext in a �x ed, round-robin
schedulestartingfrom its inputpointer. Theoutputno-
ti�es eachinputwhetheror not its requestwasgranted.
Theinputpointerof theround-robinscheduleis incre-
mented(modulo� ) to onelocationbeyondthegranted
input if andonly if thegrantis acceptedin step3 of the
�rst iteration.Thepointeris not incrementedin subse-
quentiterations.

3. Inputsusetheir grantvectorsto determinethe lowest
layer amongall grantingoutputs,andacceptan out-
put from this layer, thatappearsnext in a �x ed,round-
robin schedulestartingfrom their outputpointer. The
outputpointeris thenincremented(modulo � ) to one
locationbeyondtheacceptedoutput.

Again, we notethat LLS-S differs from iSLIP only in the
laststepwheretheinputsselectoneof multiple outputsbe-
longingto thelowestlayer.

4.1.3 PerformanceEvaluation

We �rst notethatin purelyinput queuedswitches(speedup
� � 
 � ), the algorithms,LLS-R andLLS-S behave exactly
like PIM and iSLIP, sinceall output queuelengthsare 0.
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Figure 7. Miss fractions for LLS­R and LLS­S (single iteration) with varying layers under stress test
with 5 par ticipating inputs and 12 phases (Test A)

Thiscausesall theoutputsto belongto thesamelayer(layer
� ) andthe algorithmsfollow their default behaviour. This
observationis alsotruefor uniformrandomtraf�c underany
speedup,since,all theoutputshaveapproximatelythesame
queuelengthsand hencebelongto the samelayer. Thus
theperformanceof theLLS-R andLLS-Salgorithmsunder
uniformrandomtraf�c atany loadandspeedupis identical.

Fig. 6 comparestheperformanceof LLS-R, LLS-S and
LOOFA undera stresstestwith 5 participatinginputsand
12 phases.Underboth testsA andB, thealgorithmsshow
greatlyimprovedperformanceover PIM andiSLIP shown
in Fig. 5. With just a singleiteration,LLS-R haszeromiss
fraction for speedup� ��
 � (Fig. 6(a))andhassimilar per-
formanceevenwith � iterations.LLS-S alsoshows greatly
improvedperformanceverysimilar to thatof LOOFA even
for a single iteration. Under TestB (Fig. 6(b)), the algo-
rithmshavealmostidenticalperformance.

Fig. 7 comparesthe performanceof LLS-S andLLS-R
algorithmswith varyingnumberof layers. As canbeseen
from the�gures, thealgorithmsshow improvementwith in-
creasingnumberof layersandhave performancecompara-
ble to that of LOOFA with 16 layers. This comparisonof
the performanceof thesealgorithmswith that of LOOFA
shows that thesesimplealgorithmscanpotentiallyprovide
high throughputsevenin overloadsituationsevenby using
only approximateoutputorderingschemes.

4.2 ApproximateLOOFA (A­LOOFA)

AlthoughLOOFA itself is too complex for a high speed
implementation,it can be usedas the basisfor an algo-
rithm that is practicaland which in practice,can provide
very similar performance.This algorithm, which we call

��

��

��

D

>C vi,j

ci-1,j

ri,j

ci,j

ri,j-1

Figure 9. Match Logic

ApproximateLOOFA (A-LOOFA), canbe implementedin
hardware in a way that makes it suitablefor routerswith
10 Gb/slinks. Fig. 10 illustratesthe basicconceptbehind
A-LOOFA andits implementation.At the left, we have a
setof row registers,

�

�

( �

�

�

�

� � � ), eachcontaining
the numberof someinput. At the bottom, we have a set
of columnregister pairs, ���
	����
	 � ( �

��� �

� � � ) each
containingthe numberof an output( �
	 )andits associated
outputqueuelength(in cells). Thecentralareacontainsan

�

�

� arrayof VOQoccupancybits �

���

	 where�

���

	
� � if

andonly if input
�

�

hasoneor morecellsto sendto output
�

	 . A-LOOFA attemptsto maintainsthesetof columnreg-
isterpairsin sortedorder, so that ���

�

�

�

������� �

�

���

�

.
As will beexplainedshortly, it only approximatesthesorted
order, in orderto avoid a time-consumingsortingstep.
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Figure 10. Principal hardware components and example operation of A­LOOFA

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Speedup

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M
is

s 
Fr

ac
tio

n

LOOFA
A-LOOFA

(a) TestA

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Speedup

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M
is

s 
Fr

ac
tio

n

LOOFA A-LOOFA

(b) TestB

Figure 11. Miss fractions for A­LOOFA and LOOFA under stress test with 5 par ticipating inputs and
12 phases.

Matchingin A-LOOFA is accomplishedusinga simple
combinationalcircuit. This circuit effectively implements
the � stepiterative matchingprocessrequiredby LOOFA.
While it requires���
� � time to complete,theconstantfac-
tor is determinedby gatedelays,making it small enough
to allow for high speedimplementation.Fig. 9 shows the
matchlogic that is associatedwith theVOQ occupancy bit

�

���

	 . The input signals�

���

	

�

�

and �

���

�

�

	 arehigh if output
� 	 is availablefor selectionby input

�

�

. If both arehigh
and �

���

	 � � then
�

�

is matchedwith �
	 and �

���

	 and �

���

	

arebothpulledlow. So,

�

���

	 � �

���

	

�

�

� �

���

	�� �

���

�

�

	 � � � �

���

	

�

�

� �

���

	��

���

�

�

	 �

�

���

	 � �

���

�

�

	 � �

���

	�� �

���

	

�

�

� � � �

���

�

�

	�� �

���

	��

���

	

�

�

�

To completeamatchingoperation,thesesignalsmustprop-

agatethroughoutthe �

�

� array, but note that signals
propagateupwardandto theright, sothedelayis ��� times
the delayin eachblock, with eachblock contributing two
gatedelays. For a modern.13 � m ASIC process,thegate
delaysare25-50ps, allowing a matchto be completedin
3.2-6.4ns. A routerwith 10 Gb/slinks anda speedupof 2
will needto completeacrossbarschedulingoperationevery
20ns,makingthematchingdelaysmallenoughto allow for
high speedimplementation.

In orderfor theapproachdescribedto exactly implement
LOOFA, it' snecessaryto maintainthecolumnregisterpairs
in sortedorder. This is not practicalin a high speedim-
plementation.Fortunately, we canstill getgood(although
not provably work-conserving)performancewithout sort-
ing. Becausethe queuelengthschangeslowly, we can
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maintainanapproximatesortedorderingby doinga pair of
nearestneighborswaps(odd-evensorting)aftereachcross-
barschedulingoperation.Speci�cally, for all even

�

�	� ,
we exchangethevaluesof � 	 and � 	 with � 	��

�

and � 	��

�

if � 	 � � 	��

�

. Thenfor all odd
�

� � � � , we exchange
thevaluesof � 	 and � 	 with � 	��

�

and � 	��

�

if � 	 ��� 	��

�

.
Wheneverweperformsuchanexchange,wealsoexchange
thevaluesof theVOQ occupancy bits in thecorresponding
columns.

The combinationalmatchingcircuit favors inputs that
occupy “lower” rows in thearrayof VOQ occupancy bits.
To ensurefairnessamongthedifferentinputs,werandomly
permutethe rows of the arrayat the endof eachcrossbar
schedulingoperation(both the row registersandthe VOQ
occupancy bits). Speci�cally, for all evenvaluesof � � � ,
we generatea pseudorandombit �

�

. This is easyto do in
hardware.If �

�

� � , thenall thevaluesin row � aremoved
to row �

�

� andthe valuesin row � ��� aremoved to row
��� ��� �

�

� . If �

�

� � , thenall thevaluesin row � aremoved
to row ��� � � �

�

� andall valuesin row � � � aremovedto row
�

�

� . This permutationschemeis basedon thewell-known
perfectshuf�e, is easyto implementandensureslong-term
fairness.

Therearea few other issuesthat needto be addressed
to completethe descriptionof the implementation. First,
whenwe get a match,we needa way to passthe identity
of thematchinginput to thecircuitry thatcontrolstheout-
put, so that theappropriatecrossbarcontrol signalscanbe
asserted.This requiresa � ��� bit wide datapathfor each
row andcolumnof thearrayanda switchthatforwardsthe
valueon row � to column

�

if thereis a matchat location
� � �

�

� . Second,we needa way to load new valuesin the
VOQ occupancy bit. To do this, thecircuitry controllingan
input sendsanoutputnumberalongits row, which is com-
paredat eachlocation � � �

�

� to � �

�

� . At thelocationwhere
thesevaluesmatch,theVOQbit is selectedto receiveanew
value.

Finally, we needto maintaina connectionbetweenthe
IO pinsof thedeviceandtheregistersassociatedwith each
input andoutput. Sincethepinsof thedevice have a �x ed
associationwith speci�c inputs and outputs,we needto
maintainconnectionsbetweenthese�x edpin locationsand
the associatedregisters,which are constantlyexchanging
values,asthealgorithmproceeds.This requirestwo special
purposecrossbars,oneontheinputsideandoneontheout-
put side. Thecrosspointsettingsin thesecrossbarschange
with eachrow andcolumnswap to maintainthe required
connectionsto the �x ed IO pins. The output side cross-
barcarriesa two bit signalfrom theoutputpins,indicating
whethera givenoutputqueuelengthis to increaseby one,
decreaseby oneor staythesame.The input sidecrossbar
carriesa � � ��� � bit signal indicatingwhetherthe VOQ
occupancy bit for aspeci�edouputis to beset,resetor stay

the same(note that during one operationcycle, only two
VOQsatany inputcanchangetheir status).

Thegatecomplexity of theA-LOOFA controlcircuit has
the form

�

�

��� ��� � �

�

�

��� �

�

�

�	��� � �

���

� , for
constants

�

�

� 
 
 
 �

���

. We estimate
�

�

�

� � ,
�

�

�

� � ,
�

�

�

��� and
���

�

� � , yielding anoverall estimateof less
than90,000gates.While not a trivial circuit, to besure,it
is well within thecapabilitiesof modernASICs.

To comparetheperformanceof LOOFA andA-LOOFA
we subjectedboth thealgorithmsto thestresstests,TestA
andTestB. As canbeseenfrom Fig. 11, they have almost
identicalperformanceunderboth testsindicatingthateven
partialorderingtechniqueslikeodd-evensortingusedin A-
LOOFA canperformwell dueto theslowly changingnature
of theoutputqueuelengths.

5 Conclusions

The problem of overload conditions in IP networks
makes it important to study the performanceof practical
schedulingalgorithmsunderextremetraf�c conditions.The
stresstestthatwe have presentedin this paper, helpsus to
determinewhich algorithmsperformbestunderthesecon-
ditions. Using the stresstest,we have studiedthe perfor-
manceof crossbarschedulingalgorithmsPIM, iSLIP and
LOOFA underoverloadconditionsandhave designedim-
provedandimplementablestressresistantvariantsof these
algorithms,LLS-R,LLS-SandA-LOOFA whichcanmain-
tain their throughputunderboth uniform traf�c andstress
test.
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