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Abstract

Practical crossbar scheduling algorithms for CIOQ
switchessud as PIM and -SLIR can perform poorly un-
derextremetraf c conditionsfrequentlyfailing to bework-
conserving The commonpractice of evaluating crossbar
schedulingalgorithmsaccoding to the padcet delayunder
randomadmissibletraf ¢ tendsto obscue signi cant dif-
ferencesthat affect the robustnessof different algorithms
whenexposedto extremeconditions. On the other hand,
algorithmssud as LOOFA with provably goodworst-case
performancedon't lend themselveseadily to high perfor-
manceimplementation. We advocateevaluating crossbar
schedulingalgorithmsusingtargetedstresdestswhich seek
to probe the performanceboundariesof competingalter-
natives. Appropriately designedstresstestscan reveal key
differencesamongalgorithmsand can provide the insight
neededo spurthe developmenbf bettersolutions.

In this paper we introducethe use of stresstestingfor
crossbarscdhedulinganduseit to evaluatethe performance
of PIM, -SLIP and LOOFA. Our resultsshowthat PIM
and -SLIP needlarge speedupsn order to performwell
on stresstests,while LOOFA can deliver excellentperfor
manceevenfor speeduptessthanl.5. We thendevelopim-
provedversionsof PIM and -SLIP, which take outputqueue
lengthsinto account,makingthemmud more robust. We
also developan algorithm which closelyapproximatesthe
behavior(andperformancepf LOOFA, but which admitsa
straightforwad, high performancehardware implementa-
tion.

1 Intr oduction

The conceptualsimplicity of an output queuedrouter
malkesit anideal candidatefor routerarchitecturedesign.
An output queuedrouter with N input and output ports,
buffers paclets only at the outputs. Whentwo or more
pacletsdestinedo the sameoutput,arrive simultaneously
atdifferentinput ports,they aretransferredmmediatelyto

the outputqueueto avoid pacletloss.Hence the switching
fabric of an outputqueuedrouterneedsto be scaledwith
the numberof portsN. Theincreasean thelink ratesof in-
dividual portsandalsothe total numberof portssupported
on asingleswitch makesthetaskof scalingthe switchfab-
ric with the numberof portsinfeasible. Hence,mostscal-
able switchesemploy someform of both input and out-
put queuing. This Combinedinput and Output Queuing
(ClOQ) lets us uselower speedswitching fabricswithout
ary pacletloss. Whentwo or more packetscontendto go
to the sameoutput, someof them are temporarilyheld in
theinput queuedeforebeingtransmittedo the outputs.In
typical CIOQ switchesthe speedumf theswitchingfabrics
overindividual link ratesis a smallconstant.

The inputsin ClIOQ switchesmaintainseparateueues
for eachoutput(called Virtual OutputQueueqVVOQ)) and
usea schedulingalgorithmto determinewhich cells from
various inputs are transferredto outputsin a given cy-
cle. The use of VOQs helps alleviate the problem of
performancelegradationdueto head-of-lineblocking [1].
The objective of the schedulingalgorithmsusedin these
swtichesis to approximatethe work conservingproper
ties of a pure outputqueuedswitch. A numberof stabil-
ity resultshave beenproved regardingthe performanceof
schedulingalgorithmsunderadmissibletrafc. A trafc
patternis saidto beadmissibldf noinputor outputis over
subscribed A maximumsize matchinghasbeenshown to
be stablefor i.i.d arrivals up to an offeredload of 100%
whenthetraf ¢ is uniform andadmissible[2]. It hasalso
beendemonstratethata maximumweight matchingalgo-
rithm canleadto amaximumthroughpuiof 100%for inde-
pendeniandeitheruniform or non-uniformtrafc [3]. The
weightsusedin thesealgorithmscanbethelengthsof vari-
ousVOQSor cell arrival times[4]. Unfortunately the best
known algorithmsfor performinga maximumsizematchor
maximumweight matcharetoo complex ( - [5] and

[6] , respectiely) for high speedmplemen-
tations.Hence,a numberof heuristicalgorithmshave been
proposedo approximatehebehaiour of thesecomplex al-
gorithms.PIM [7] andiSLIP[8] areexamplesof algorithms



whichattempto corvergeonamaximalmatchingandiLPF
[9] is an algorithm which approximatesnaximumweight
matching.Though thesealgorithmsarecomparatiely sim-
plerto implementthey do not matchthe performancef an
outputqueuedswitchunderextremetraf c conditions.

Efforts have beenmadeto designschedulingalgorithms
which canretainthe propertiesof outputqueuedswtiches
underall trafc patterns. Theseworst caseresultsusu-
ally needincreasedspeedupn the switchto maintaintheir
throughputunder all trafc conditions. Reference[10]
proposesa schedulingalgorithmcalled Critical Cells First
(CCF) which (with speedupof 2) canexactly emulatean
outputqueuedswtich, i.e, it is both work conservingand
preseresthecell orderingof anidealoutputqueuedwitch.
Referencd11] presentsa simpler( ) algorithmcalled
LowestOccupanyg OutputFirst Algorithm (LOOFA) which
keepsthe switch work conservingunderall trafc condi-
tions. This algorithmcanbeaugmenteavith timestampgo
presere the cell orderingin a switchwith a speedupmf 3.
However, thesesigni cant algorithmsarealsonot practical
for high speedmplementations.

For example,a switch with links operatingat a rate of
10 Gb/shaslessthan40 nsto make a schedulingdecision!
This impliesthat often, it is the implementatiorsimplicity
which is the primary factorin determiningwhich schedul-
ing algorithmsareusedin mosthigh speedouters.Hence,
theseworst caseresultsareonly of theoreticalinterestand
limited use. On the otherhand, it is non-tivial to arrive at
ary de nite conclusionsaboutthe performanceof imple-
mentableschedulingalgorithms,especiallyunderextreme
traf c conditions. This is particularly of concernbecause
of the unregulatednatureof IP networks which cancause
sustainedverloadsat outputportsof routers. Therearea
numberof factorswhich canleadto overloadproblemsin
IP networks

limited route diversity which makes congestedinks
common.

use of route selection mechanismswhich are not
guidedby sessiorbandwidthneeds.

suddenroute changeswhich can causerapid traf ¢
shifts.

useof slow congestiorcontrolmechanisms.
presencef malicioususers.

Theseoverload conditionsin IP networks are essentially
inadmissible traf ¢ patternsthat can potentially cause
schedulingalgorithmsto underperformleadingto a loss
in throughput. Hence, it is not clear how most practical
schedulingalgorithmsusedin switcheswould performun-
dermorerealistic,inadmissibleraf ¢ conditionsin IP net-
works.

To studythe performanceof schedulingalgorithmsun-
der theseextremetrafc conditions,we have designeda
stresstest This stresgtestis atrafc patternwhich simu-
latesthe unrggulatednatureof IP networks by overloading
the variousoutputsof a switch with the objective of bring-
ing aboutthe worst caseperformancef the schedulingal-
gorithms. The testwhile not providing any conclusve ev-
idence,helpsusin makingmeaningfuldistinctionsamong
algorithmsoperatingunderextremeconditions.We usethis
stresgestasatool to gaininsightinto

performanceof practicalschedulingalgorithmsunder
extremeconditions

performanceof work conserving schedulingalgo-
rithmsunderspeedups

in design of stress resistant schedulingalgorithms
which maintaintheir throughputboth underuniform
traf c andstresdestsandstill aresimpleenoughto be
usedin high speedmplementations.

In this paper we rst study the performanceof crossbar
schedulingalgorithmsPIM, iSLIP and LOOFA underuni-
formtrafc andthestresgest. We demonstrat¢hatthough
PIM andiSLIP performwell underuniform trafc, they
have low throughputaunderthe stresgest. While LOOFA
has good throughputeven underthe stresstest, it is too
comple for implementation.From the performancestud-
ies we obsenre that schedulingalgorithmswhich favour
outputswith smallerqueuelengthsover thosewhich have
greaterqueuelengthscan maintaintheir throughputeven
underextremeconditions. Using this insight, we presenta
simple heuristiccalled the Lowest Layer Selection(LLS)
that we then useto createstressresistantbut still imple-
mentableversionsof PIM and iSLIP. Thesealgorithms
called LLS-Random(LLS-R) andLLS-Slip (LLS-S) have
good performanceaunderboth stresstestand uniform traf-
c. We alsopresenainapproximatebutimplementableser-
sion of LOOFA called approximateLOOFA (A-LOOFA)
which only maintainsan approximateorderingof the out-
putsbasedntheir queudengthsbut is still stresgesistant.

2 StressTest

Most prior work compareghe performanceof schedul-
ing algorithmsfor CIOQ switcheshy measuringheaverage
gueuingdelayof packetsfor varioustraf ¢ workloads.Av-
eragequeuingdelay as a metric can be usedto studythe
relative performanceof two algorithmsfor a given work-
load. But, it is dif cult to quantifytheabsolutgperformance
(throughpuj of an algorithm using the measuredaverage
gueuingdelaysespeciallywhenthetraf c workloadis in-
admissibleand/ornon-uniform,wheretheinherentqueuing
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Figure 1. Example of stress test with 3 partic-
ipating inputs and 4 phases

delaysof thepaclketsdueto thetraf ¢ sourcesendsto dom-
inateovertheactualdelaysinducedby theschedulingalgo-
rithm. Evenwhenthetraf ¢ is uniform,while themaximum
throughputachiezed canbeinferredfrom the measuredv-
eragequeuingdelays,it is non-trivial to quantify the exact
throughputachievedatvarioustraf ¢ loads.

In this sectionwe useametriccalledthemissfractionto
guantifythethroughputachievedby aschedulingalgorithm
usedin a ClOQ switch. In a given measuremenperiod,
let be the numberof cellsforwardedby a switchusing
schedulingalgorithm and  bethe numberof cellsfor-
wardedby the ideal outputqueuedswitch whensubjected
to thesameworkloadasalgorithm . Thenmissfractionis
de nedas

missfraction —

Thus, the metric essentiallydetermineghe relative lossin
throughpubf aswitchusingthegivenschedulingalgorithm
as comparedto the ideal output queuedswitch underthe
sametraf c conditions. The miss fraction provesto be a
particularlyusefulmetricin inadmissibletraf ¢ conditions
wherethe averagequeuingdelaysareusuallyunbounded.

To test the performanceof schedulingalgorithmsfor
ClOQ switchesunderextremeandinadmissibldrafc con-
ditions,we have designech stresstest The stresgestsim-
ulatesunrggulatedtraf ¢ by causingsustainedverloadsat
variousoutputsof therouter Also, while stressingndivid-
ual outputs,the testattemptso bring aboutthe worst case
performancen the work-conservinghatureof the schedul-
ing algorithm. To achieve this, the testtakesanadwersarial
approachto stressingvariousoutputswith the goal of in-
creasinghe missfraction of the schedulingalgorithm. The
adwersarialapproachof the stresgesttriesto createcondi-
tionswhere,

1. A single outputwhich hasan empty queuehascells
gueuedor it atvariousinputs.

2. Inputswhich have cells queuedfor an outputwith an
emptyqueuealsohave cellsqueuedor otheroutputs.

A trafc patternwhich cancreatesuchconditionscan po-
tentially causea schedulingalgorithmto incur greatemiss

fractions. In particulay the stresstestwe have designed,
consistsof a seriesof phasesasillustratedin Fig. 1. In
the rst phasethearriving traf c at eachof severalinputs
is sentto a single output. This causesachof the inputs
to build a backlogfor the target output. The arriving traf-
¢ atall inputsis thenswitchedto a seconcutput,causing
theaccumulatiorof abacklogfor the secondutputateach
of theinputs. Successie phasegproceedsimilarly, creating
backlogsat eachinput for eachof several outputs. During
the nal phasethe arriving traf c at eachof the inputsis
switchedto distinctnew outputs.Since thesenputsarethe
only sourceof traf c for the new targetoutputs,they must
sendpacletsto themasquickly asthey comein, while si-
multaneouslyclearingthebacklogfor otheroutputsjn time
to preventunder ow at thoseoutputs. This createsan ex-
tremeconditionthat can causeunder ow andincreasethe
missfraction. Thetiming of thetransitionss choserto en-
surethatall theVOQsateachof theparticipatingnputsstill
have somebacklogatthe nal transition.More speci cally,
to createthe worstcasetraf c conditionsfor a givenalgo-
rithm, the traf ¢ is switchedto a new target outputwhen
the input backlogfor the currenttarget risesto the same
level astheinput backlogfor the previoustarget. However,
when comparingthe performanceof differentschedulers,
thetransitiontimesandmeasuremergeriodsare x edand
thesametestis appliedto all algorithms.Thestresdestcan
be varied by changingthe numberof participatinginputs
andthe numberof phases.

Fig. 2 better illustratesthe progressof a stresstest.
Fig. 2(a) plots the queuelengthsof variousVOQs of the
rst input , of aswitchundera stresgestwith 3 partici-
patinginputsand4 phases(Thistestisillustratedin Fig. 1.)
The algorithmusedin the exampleis PIM andthe speedup
of theswitchis . The plot shovs how the input directs
its traf ¢ to anew outputwhentheinputbacklogto thecur-
rentoutputequalsthat of the backlogto a previous output.
In thelastphasenput is the only input sendingtraf ¢ to
output butit still accumulates backlogto thatoutputin-
dicatingmissesincurredby output . Fig. 2(b) shows the
averagemissfractionincurredby the algorithmin thistest.
We usetheinterval from the beginning of thelastphaseto
the end of the simulationasa measuremenperiodfor the
averagemissfraction dueto the stresstest. This explains
thespikein themissfractioncurvein Fig. 2(b). Algorithms
which have smallermissfractionsunderthesestresstests,
evidently maintaintheir throughputevenin overloadsitua-
tions.

We notethatthestresgsestonly exempli es agenerabp-
proachto evaluatingClOQ algorithmsunderextremecon-
ditions. Theremay well be other stresstest scenarioghat
aremorestressfulat leastfor somealgorithmsandthatal-
gorithmsthataredesignedo performwell onthe stresgest
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
participating inputs and 4 phases. (N=16, speedup=1.5)

itive basisof the stresgestprovidesgoodevidencefor dis-
tinguishingamongalgorithmswhich performwell in over-
loadsituationsandthosethatdo not.

We studythe performanceof variouscentralizedcross-
bar schedulingalgorithmsunderthe stresgestand present
simpleimprovementswhich retainthe desirableproperties
of thesealgorithmsandmale themstressresistant

3 CrossbarSchedulers

In this section,we rst study the performanceof the
crossbaschedulingalgorithms PIM, iSLIPandLOOFA by

measuringheir missfractionsunderuniformtraf c andthe
stresstest. We shaw that the simple algorithms,PIM and
iSLIP performpoorly underthe stresdestthoughthey have
goodperformanceinderuniformtraf c. Ontheotherhand,
LOOFA hasgood performancaunderthe stresgestat rea-
sonablespeedupbutis too comple for ahighspeedmple-

mentation.We notethatthe betterperformancesf LOOFA

underthe stresstestis primarily dueto its outputordering
andpresentheuristicsto usethis insightin designingstress
resistantlgorithmsin the next section.

3.1 Parallel Iterati ve Matching (PIM)

PIM is aniterative matchingalgorithmwhich attemptgo
corverge on a maximalmatchin multiple iterations. Each
iterationconsistwof threestepswhere

1. Eachunmatchednput sendsarequesto every output
for whichit hasaqueuedcell.

2. If an unmatchedoutput receves ary requests, it
choose®nerandomlyto grant.

3. If aninputrecevesary grants,t chooseoneto accept
andnoti es thatoutput.

In [7], the authorsshaw that the algorithm corvergesto a
maximalmatchin iterationsby shaving thateach
iterationeliminates3/4 of the remainingrequests.lt is in-
terestingo notethatthis propertyis independentf theway
theinputsselecta grantin the third stepof thealgorithm.
Also, sincethe outputssendtheir grantsrandomly when
all the input queuesare occupied,the probability that no
outputwill grantto a particularinput in one iteration is
. Hencejn asingleiteration,thethroughput
of PIM is limited to - for largeN, whichis approxi-
mately63%for
3.2 lterative Round Robin Matching with Slip
(iSLIP)

iSLIP, like PIM, is aniterative algorithmbut is designed
to give higherthroughputsevenfor a singleiteration. The
algorithmiterateshe following threesteps

1. Each unmatchednput sendsa requestto every un-
matchedutputfor whichit hasacell queued.

2. If an unmatchedoutput receves ary requests,it

choosenethatappearsext in a x ed, round-robin
schedulestartingfrom its inputpointer Theoutputno-
ti es eachinputwhetheror notits requestvasgranted.
Theinputpointerof theround-robinschedulés incre-
mentedmodulo ) to onelocationbeyondthegranted
inputif andonly if thegrantis acceptedn step3 of the
rst iteration. The pointeris notincrementedn subse-
guentiterations.



3. If aninput recevesa grant,it acceptghe onethatap-
pearsnext in a x ed, round-robinschedulestarting
from its own output pointer The output pointer of
the round-robinschedulds incrementedmodulo )
to onelocationbeyondtheacceptedutput.

The iSLIP algorithm maintainsgood performancesven
with a singleiterationunderheary loadsdueto its desyn-
chronizationeffect. Step2 of thealgorithmcausedlifferent
outputsto sendgrantsto differentinputs,particularly under
heary loads,causingargermatchesn singleiteration.

3.3 Lowest Occupancy Output First Algorithm
(LOOFA)

LOOFA is alsoaniterative algorithmwhich iteratesthe
following stepgtill no morematchesanbemade

1. Eachunmatchednput sendsa requestto an output
with the lowestoccupang amongthosefor which it
hasatleastonequeuedtell.

2. Eachoutput,uponreceving requestsrom multiplein-
puts,selectsoneandsendsa grantto thatinput.

It has been proven that a switch using LOOFA with a
speedupof 2 is work conservingunderall trafc condi-
tions [11]. But the algorithmrequires iterationsto
performcorrectly. This meanghat, unlike PIM andiSLIP,
the algorithmcanhave biasedandunpredictabldehaiour
whenusedwith fewer iterations. For example,underuni-
form trafc and heary loadswhen all inputs have cells
gueuedfor all outputs,all the inputs sendrequestdo the
sameoutputin a singleiteration! Suchbehaiour makes
LOOFA unsuitablefor usein high speedimplementations
wherethereis only time to performafew iterations.

3.4 PerformanceEvaluation

We rst measurghe missfractionsof thesealgorithms
under uniform trafc for varying number of iterations,
wherethe cells arrive as a Bernoulli processand are uni-
formly distributed over all outputs. The speedupof the
switch is implying that all queuingis doneat the in-
puts. Fig. 3 andFig. 4 show the differencebetweenusing
missfractionandaveragequeuingdelayasa metric versus
offeredloadfor PIM andiSLIP, respectiely.

While the maximumload carriedby a scheduleccanbe
determinedrom the delay plots, the missfractionscurves
alsoindicatethe throughputachiesed by the algorithmsat
all loads. It canbeinferredfrom Fig. 3(a)thatthe queuing
delaysareunboundedor PIM for load andthatthe
missfractionfor PIM in Fig. 3(b) increasedo 0.36for an
offeredload of 1. This is in agreementvith the fact that
thethroughputof PIM is limited to (for ) for

a singleiteration. iSLIP on the otherhandperformsmuch
betterevenwith a singleiteration. The missfraction curve
of iSLIP in Fig. 4(b) shows thatfor load therateof
increaseof missfraction actually shawvs a sharpdecrease.
This is dueto the desynbronizationeffect of iSLIP which
comesnto playwhenalmostall VOQshave non-zerdback-
logs which happensgor load . Thenoiselike varia-
tion seenin the curveswheremissfractionis in therange

is dueto thevery ne granularityof obser
vation.

To comparehe performancef thealgorithmsunderthe
stresdest,recallthatthetransitiongimesandthe measure-
mentperiodsof thetesthave to be x edfor all algorithms.
To determinghesebasicparametersye subjectoneof the
algorithmsto astresgestwherethetransitionshetweernvar
ious phasegsakesplacewhenthebacklogof theVOQatan
inputto atargetoutputequalghatof the backlogof aVOQ
to a previous output. We thencomparethe performanceof
therestof thealgorithmsunderthe sametestwith theseba-
sic parameters.

Fig. 5(a) and Fig. 5(b) comparesthe performanceof
PIM, iSLIP andLOOFA undera stresstestwith 5 partici-
patinginputsand12 phasesitvariousspeedupsin Fig.5(a)
the basicparametersvere determinedo createworst case
traf c scenaridfor PIM(4) undera speedupf . Wede-
note the testwith theseparametersas TestA. As canbe
noted, PIM and iSLIP have poor performanceunder the
stresstest. iSLIP hasalmostthe sameperformanceor it-
erations and andhasmiss fraction of evenat a
speedumf . PIM shavsimprovementwith increasen it-
erationsfrom to but still hasa highermissfraction at
variousspeedupsvhencomparedo LOOFA. LOOFA has
beenprovento bework conservingor unlimitediterations
underall traf ¢ conditionsfor a speedupf . For this par
ticulartest,LOOFA needsaspeedupf just  toeliminate
all under ow.

Fig. 5(b) comparesghe performanceof the algorithms
undera stresstestwherethe basicparametersvere deter
minedto createworst casetraf c for LOOFA ata speedup
of (TestB). Again, LOOFA haszeromissfraction for
speedups shaving thatthe outputorderingbasedon
gueuelengthsin LOOFA effectively reducesall under ow
evenin extremeconditions. Thoughthe sametestdoesnt
causePIM andiSLIP to performasbadly asin Fig. 5(a),
the performancef thesealgorithmsdoesnot matchthat of
LOOFRA.

Theseestsdemonstratéhe underperformancef widely
usedalgorithmslike PIM andiSLIP underoverloadtraf c
conditions.
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4 StressResistantAlgorithms

The betterperformanceof LOOFA underthe stresstest
suggestghat biasingoutputsto favour thosewith smaller
gueuelengthsis the key to maintainingthroughputeven
underextremetraf ¢ conditions. Unfortunately complete
orderingof outputsandthe large numberof sequentiaiter-
ationsneededo usethis orderingcanthemselesbe obsta-
clesto implementingthesealgorithmsat high speedsBut,
we notethatthetraf c conditionsthatarein consideration
hereareessentiallypersistentraf ¢ conditionsandthatal-
gorithmswhich achieze and useeven approximateor par
tial orderingof outputscanperformsigni cantly betterthan
thosethatdo not take outputbacklogsinto consideratiorat
all. In this sectionwe introducetwo simpleheursitics

1. Lowest Layer Selection (LLS) heuristic which

achievesa coarser orderingof outputsbasedon their
gueudengths.

2. Odd-evensortingwhich achiezesonly an approxima-
tion of the ideal orderingof outputsbut cornvergesto
theideal orderingunderpersistentrafc conditions.

We uselLLS to designstressresistantvariantsof PIM and
iSLIP callesLLS-Random(LLS-R) andLLS-Slip (LLS-S).
We usetheodd-erensortingtechniqueto designanapprox-
imate versionof LOOFA called approximateLOOFA (A-
LOORA). All thesestresgesistantilgorithmshave beende-
signedfor high speedmplementations.

4.1 LowestLayer Selection

PIM andiSLIP performpoorly comparedo LOOFA un-
derthe stresstestbecausdhey ignore outputoccupancies.
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On the otherhand,they performwell underuniform traf c
andalsorequirefewer iterationsto corverge makingthem
moresuitablefor high speedmplementations.

In thissectionwe describeasimplelow-costmechanism
that can be usedto make PIM andiSLIP stressresistant
Theimprovedalgorithmshave the sameperformanceinder
uniformtraf c andhave greatlyimprovedperformancein-
derthestresgest. Theideais to prioritize the outputsbased
on their queuelengthssince,under ow occursonly when
anoutputqueueis empty Thevariousoutputsof the switch
are divided into layers basedon their queuelength using
anexponentiallygradedscale. Fig. 8 shavs aninstanceof
suchascalewith  layers.In thisscale gueuesvith length

areputin layer , queuewith length and are
putin layer andsoon. Thequeudengthcorrespondingo
alayer is givenby . Thelastlayerof thescale( )
holdsall queueswith lengths , indicatingthatthe
scaledoesnt differentiatebetweeroutputswith the largest
gueudengths.Thusthelayeringof queudengths

achievesa coarsemrderingof outputsbasedn queue
lengths.

biggerlayersare usedfor larger queuelengths,indi-
catingthatthereis lesschanceof under ow at outputs
with large queudengths.

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

Hence,the numberof layersitself is independenbf the
numberof portsof the switch (N) makingit possibleto use
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Figure 8. Exponentiall y graded scale used in
assigning outputs to layers based on their
gueue length.

asinglescalewith to layersfor high speedswitches
with large numbersof ports. Also, the layersto which var-
ious queueselongcanbetrivially updatedvheneer cells
areaddedor removedfrom thevariousqueues.

Algorithms use the layers to which the various out-
putsbelongby emplgying a LowestLayer Selection(LLS)
heuristic. The algorithms(LLS-R andLLS-S) in their ac-
ceptphasegive priority to outputsin thelowestlayer. Thus,
the use of the Lowest Layer Selectionheuristicin these
algorithmsintroducesa bias towardsoutputswith smaller
gueuelengths. The exponentialscaleusedin de ning the
layers determinesthe extent of this bias, sincethe algo-
rithms still shav their default behaiour to outputswhich
belongin thesamdayer. A scalewhichhasthin (andhence,
more)layers forcestheinputsto alwaysaccepbutputswith
smallerqueuelengthsanda scalewith thick layerscauses
theinputsto pick outputsrandomly(in caseof PIM) or in
a round-robinorder (in caseof iSLIP) irrespectve of the
gueuedengthsof the outputssince,outputsmoreoftenthan
notwill belongto thesameayer.

Theheuristicitself canbeimplementedt negligible cost
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by maintainingperinputgrantvectos. Thesevectorshave

bit correspondingo eachlayer Whenan outputsends
a grantto aninput in a schedulingalgorithm, it also sets
thebit correspondingdo thelayerto which its queudength
belongsjn theinput's grantvector Theinputcantheneas-
ily nd thelowestlayer of all grantingoutputsby usinga
priority encodeto nd the rst bit setto in thegrantvec-
tor. Also, for crossbar®f moderatesize(32 ports),we can
quickly determinethe outputwith the smallestiayerindex
usinganN-way minimum nding circuit.

4.1.1 LowestLayer Selection- Random (LLS-R)

LLS-R is aninterative matchingalgorithmwhich usesthe
LLS heuristicand per input grant vectorsto improve the
performancef PIM underthestresgest. The LLS-R algo-
rithm iteratesthefollowing threesteps.

1. Eachunmatchednput makes a requestto every un-
matchedbutputfor whichit hasa queuectcell.

2. If an unmatchedoutput receves ary requests, it
choose®nerandomlyto grant.

3. Inputsusetheir grantvectorsto determinethe lowest
layeramongall thegrantingoutputsandaccep&anout-
putbelongingto this layerandnotify thatoutput.

It is evidentthatthe algorithmis actuallysimilar to Par-
allel Iterative Matchingin the rst two stepsanddiffersonly
in theacceptphasevheretheinputspick anoutputfrom the
lowestlayer. Hence the algorithmwill still cornvergeon a
maximal matchin iterations. The proof of this
claimis similar to theargumentmadein [7] for PIM.

4.1.2 LowestLayer Selection- Slip (LLS-S)

LLS-Sis avariantof theiSLIP algorithmobtainedoy using
theLLS heuristicandperinputgrantvectors.Thealgorithm
iteratesthe following threesteps

1. Each unmatchednput sendsa requestto every un-
matchedutputfor whichit hasacell queued.

. If ‘an unmatchedoutput receves ary requests, it
choosenethatappearsext in a x ed, round-robin
schedulestartingfrom its input pointer Theoutputno-
ti es eachinputwhetheror notits requestvasgranted.
Theinputpointerof theround-robinschedulés incre-
mentedmodulo ) to onelocationbeyondthegranted
inputif andonly if thegrantis acceptedn step3 of the
rst iteration. The pointeris notincrementedn subse-
guentiterations.

. Inputsusetheir grantvectorsto determinethe lowest
layer amongall grantingoutputs,and acceptan out-
putfrom this layer, thatappearsiext in a x ed,round-
robin schedulestartingfrom their outputpointer The
outputpointeris thenincrementedmodulo ) to one
locationbeyondthe acceptedutput.

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

4.1.3 PerformanceEvaluation

We rst notethatin purelyinput queuedswitches(speedup
), the algorithms,LLS-R and LLS-S behae exactly
like PIM andiSLIP, sinceall outputqueuelengthsare 0.
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Figure 7. Miss fractions for LLS-R and LLS-S (single iteration) with varying layers under stress test

with 5 participating inputs and 12 phases (Test A)

This causesll theoutputsto belongto thesamdayer (layer
) andthe algorithmsfollow their default behaiour. This
obsenationis alsotruefor uniformrandontraf c underary
speedupsince all theoutputshave approximatelyjthesame
gueuelengthsand hencebelongto the samelayer Thus
theperformancef theLLS-R andLLS-S algorithmsunder
uniformrandomtraf ¢ atary loadandspeedugs identical.

Fig. 6 compareghe performanceof LLS-R, LLS-S and
LOOFA undera stresstestwith 5 participatinginputsand
12 phases.UnderbothtestsA andB, the algorithmsshaw
greatlyimproved performanceover PIM andiSLIP shavn
in Fig. 5. With justasingleiteration,LLS-R haszeromiss
fractionfor speedup (Fig. 6(a)) andhassimilar per
formanceevenwith iterations.LLS-S alsoshows greatly
improvedperformancevery similar to thatof LOOFA even
for a singleiteration. Under TestB (Fig. 6(b)), the algo-
rithmshave almostidenticalperformance.

Fig. 7 compareghe performanceof LLS-S andLLS-R
algorithmswith varyingnumberof layers. As canbe seen
fromthe gures, thealgorithmsshow improvementwith in-
creasinghumberof layersandhave performanceompara-
ble to that of LOOFA with 16 layers. This comparisorof
the performanceof thesealgorithmswith that of LOOFA
shaws thatthesesimplealgorithmscanpotentially provide
high throughputsvenin overloadsituationseven by using
only approximateoutputorderingschemes.

4.2 Approximate LOOFA (A-LOOFA)

AlthoughLOOFA itself is too comple 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

y

fi -1

Pl

Ci_lyj

Figure 9. Match Logic

ApproximateLOOFA (A-LOOFA), canbeimplementedn
hardwarein a way that makesit suitablefor routerswith
10 Gh/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 anoutput( )andits associated
outputqueuedength(in cells). The centralareacontainsan
arrayof VOQoccupancyits ~ where if
andonly if input  hasoneor morecellsto sendto output
. A-LOOFA attemptgo maintainghe setof columnreg-
ister pairsin sortedorder, sothat .
Aswill beexplainedshortly; it only approximateshesorted
order, in orderto avoid atime-consumingortingstep.
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Figure 10. Principal hardware components and example operation of A-LOOFA
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Figure 11. Miss fractions for A-LOOFA and LOOFA under stress test with 5 participating inputs and

12 phases.

Matchingin A-LOOFA is accomplishedisinga simple
combinationalkircuit. This circuit effectively implements
the stepiterative matchingprocessequiredby LOOFA.
While it requires time to complete the constanfac-
tor is determinedby gatedelays,makingit small enough
to allow for high speedmplementation.Fig. 9 shaws the
matchlogic thatis associatedavith the VOQ occupang bit

. Theinput signals and arehighif output

is availablefor selectionby input . If botharehigh
and then is matchedwith and and
arebothpulledlow. So,

To completea matchingoperationthesesignalsmustprop-

10

agatethroughoutthe array but note that signals
propagateipwardandto theright, sothedelayis times
the delayin eachblock, with eachblock contributing two

gatedelays. For amodern.13 m ASIC processthe gate
delaysare 25-50ps, allowing a matchto be completedin

3.2-6.4ns. A routerwith 10 Gb/slinks anda speedupf 2

will needto completeacrossbaschedulingoperatiorevery
20ns,makingthematchingdelaysmallenoughto allow for

high speedmplementation.

In orderfor theapproactdescribedo exactlyimplement
LOORA, it'snecessaro maintainthecolumnregisterpairs
in sortedorder This is not practicalin a high speedim-
plementation.Fortunately we canstill getgood (although
not provably work-conserving)erformancewithout sort-
ing. Becausethe queuelengthschangeslowly, we can



maintainan approximatesortedorderingby doinga pair of
nearesheighborswaps(odd-erensorting)aftereachcross-
barschedulingoperation.Speci cally, for all even ,
we exchangethevaluesof  and  with and

if . Thenfor all odd , we exchange
thevaluesof and with and if .
Wheneerwe performsuchanexchangewe alsoexchange
thevaluesof the VOQ occupang bits in the corresponding
columns.

The combinationalmatchingcircuit favors inputs that
occupy “lower” rows in the array of VOQ occupang bits.
To ensurdairnessamongthedifferentinputs,we randomly
permutethe rows of the array at the end of eachcrossbar
schedulingoperation(both the row registersandthe VOQ
occupang bits). Speci cally, for all evenvaluesof ,
we generatea pseudarandombit . Thisis easyto doin
hardware. If , thenall thevaluesin row aremoved
to row andthe valuesin row aremoved to row

f , thenall thevaluesin row aremoved
torow andall valuesin row aremovedto row

. This permutationschemes basedon the well-known
perfectshufe, is easyto implementandensuredong-term
fairness.

Thereare a few otherissuesthat needto be addressed
to completethe descriptionof the implementation. First,
whenwe geta match,we needa way to passthe identity
of the matchinginput to the circuitry that controlsthe out-
put, so thatthe appropriatecrossbaicontrol signalscanbe
asserted.This requiresa bit wide datapathfor each
row andcolumnof thearrayanda switchthatforwardsthe
valueonrow to column if thereis a matchat location

. Second,we needa way to load new valuesin the
VOQ occupang bit. To dothis, the circuitry controllingan
input sendsan outputnumberalongits row, which is com-
paredat eachlocation to . At thelocationwhere
thesevaluesmatch,theVOQbit is selectedo receveanewn
value.

Finally, we needto maintaina connectionbetweenthe
10 pinsof thedevice andtheregistersassociatedvith each
input andoutput. Sincethe pins of the device have a x ed
associationwith speci ¢ inputs and outputs,we needto
maintainconnectionbetweerthese x edpin locationsand
the associatedegisters,which are constantlyexchanging
values asthealgorithmproceedsThis requiregwo special
purposecrossbarspneontheinputsideandoneontheout-
put side. The crosspointsettingsin thesecrossbarghange
with eachrow and column swap to maintainthe required
connectiongo the x ed IO pins. The outputside cross-
bar carriesa two bit signalfrom the outputpins,indicating
whethera given outputqueuelengthis to increaseby one,
decreasdy oneor staythe same. The input side crossbar
carriesa bit signalindicatingwhetherthe VOQ
occupangy bit for aspeci edouputis to beset,resetor stay

11

the same(note that during one operationcycle, only two
VOQsatary inputcanchangeheir status).

Thegatecomplexity of the A-LOOFA controlcircuit has
the form , for
constants . We estimate , ,

and , ielding anoverall estimateof less
than90,000gates.While not a trivial circuit, to be sure, it
is well within the capabilitiesof modernASICs.

To comparehe performancesf LOOFA andA-LOOFA
we subjectedboth the algorithmsto the stresgests, TestA
andTestB. As canbe seenfrom Fig. 11, they have almost
identicalperformanceaunderbothtestsindicatingthateven
partialorderingtechniquedik e odd-esensortingusedin A-
LOOFA canperformwell dueto theslowly changingnhature
of theoutputqueudengths.

5 Conclusions

The problem of overload conditionsin IP networks
malkes it importantto study the performanceof practical
schedulingalgorithmsunderextremetraf ¢ conditions.The
stresgestthat we have presentedn this paper helpsusto
determinewhich algorithmsperformbestunderthesecon-
ditions. Using the stresstest, we have studiedthe perfor
manceof crossbarschedulingalgorithmsPIM, iSLIP and
LOOFA underoverloadconditionsand have designedm-
proved andimplementablestressresistantvariantsof these
algorithmsLLS-R, LLS-SandA-LOOFA which canmain-
tain their throughputunderboth uniform trafc andstress
test.
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