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Abstract—To support the Internet’ sexplosivegrowth and expansioninto
atrue integrated servicesnetwork, there is a needfor cost-effectiveswitch-
ing technologiesthat can simultaneously provide high capacity switching
and advancedQoS. Unfortunately, thesetwo goalsare largely believedto
be contradictory in nature. To support QoS, sophisticatedpacketschedul-
ing algorithms, such as Fair Queueing, are neededto manage queueing
points. However, the bulk of current reseach in packet schedulingalgo-
rithms assumesan output buffered switch architecture, whereasmost high
performance switches(both commercial and reseach) are input buffered.
While output buffered systemanay have the desired quality of service,they
lack the necessaryscalability. Input buffered systemswhile scalable,lack
the necessanyuality of servicefeatures.In this paper, we proposethe con-
struction of switching systemghat areboth input and output buffered, with
the scalability of input buffered switchesand the robust quality of service
of output buffered switches. We call the resulting architecture Distrib uted
PacketFair Queueing(D-PFQ) asit enablesphysically dispersedline cards
to provide servicethat closelyapproximatesan output-buffered switch with
Fair Queueing. By equalizing the growth of the virtual time functions
acrossthe switch system,most of the PFQ algorithms in the literatur e can
be properly definedfor distributed operation. We presentour systemusing
a crossbarfor the switch core, asthey are widely usedin commercial prod-
ucts and enablethe clearest presentationof our architecture. Buffering
techniguesare usedto enhancethe systems latency tolerance, which en-
ablesthe useof pipelining and variable packetsizesinternally. Our system
is truly distributed in that there is neither a central arbiter nor any global
synchronization. Simulation resultsare presentedo evaluatethe delayand
bandwidth sharing properties of the proposedD-PFQ system.

|. INTRODUCTION

With therise of the Internets popularity attentionis turning
to emeging integratedservicepacket-switchedetworksto si-
multaneouslguppor@applicationawvith diverseperformanceb-
jectivesandtraffic characteristicsln packetswitchednetworks,
packetsfrom differentsessiondelongingto differentservice
and administratve classednteractwith eachotherwhenthey
aremultiplexedin the networkswitches.The packetscheduling
algorithmswithin theseswitchesplay a critical role in control-
ling the interactionsamongdifferentsessions.Therehasbeen
a lot of researclon designingschedulingalgorithmsthat sup-
port Quality of Service[23].Most of it assumesutputbuffered
switcheswherequeueinghappen®nly at outputlinks.

For switcheof moderatescalg(5 Gbpsatcurrentechnology),
outputbufferedswitchesnaybeconstructedndtheidealmodel
canberealized17]. However, for largerswitchesthespeedée-
cometoogreatto implementasharecr outputbufferedswitch.
The problemis twofold: First, the memorysize and speedat
anoutputcardbecomesxpensve. Secondgontrollogic must
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operateat a very high rate. Theseproblemswill be presenfor

any output buffered switch, including one utilizing the FIFO

schedulingpolicy. In orderto reducecostandsimplify imple-

mentationmosthigh performanceswitcheg(bothresearci15]

and commercial[6], [7]) have chosenarchitecturegmploying
input buffering. While theseadditionalqueueingpointsarere-

quiredto enablecost-efective systemscalability the behaior

of thetraffic patterngnternalto the switch candetractfrom the
outputschedules ability to provide serviceguaranteesThisis

becausgacketghatshouldbetransmittecbutalink canbetem-
porarily blockedat the switchinputs. Anotherproblemfacing
practitionersis that mostresearchon designingscalablesys-
temshasbeenfor switchesservicingfixedsizedcells. However,

thereis agreatneedfor high performancewitcheghatsupport
variablelengthpackethetworksjncludinglP andEthernet.

In this paper we proposemechanismgor providing service
that closely approximatesan output buffered switch employ-
ing Fair Queueing.BesidessupportingQoS,thesemechanisms
achieve two additional goals: efficiently supportingvariable
sizedpacketsandmaximizingthroughputn a switchcore. The
resulting Distributed PacketFair Queueing(D-PFQ) architec-
turerequiresno globalsynchronizatiorandcanbe pipelinedfor
high speedoperation. We describeour systemin the contet
of a networkutilizing Ethernetframesizes. Simulationresults
arepresentedo illustratethe bandwidthdistribution anddelay
propertieof D-PFQ.

The rest of the paperis organizedas follows. We first re-
view issuesin designinghigh performanceswitchesand PFQ
algorithmsin Sectionll. We thendescribethe designof our
D-PFQswitcharchitecturén Sectionlll anddiscusssomeof its
propertiedn SectionlV. Simulationexperimentsarepresented
in SectionV to evaluatethe delay andbandwidthperformance
of D-WF?Q, D-WF2Q+, D-SFQ,andD-SCFQ.

Il. BACKGROUND
A. Switding

To supportQoSguaranteesadvancedschedulingalgorithms
have beenproposedhat managejueueon a persessiorbasis.
In particular a classof PacketFair Queueingalgorithms[4],
[8], [9], [10], which can be usedto supportboth guaranteed
andadaptve serviceshaverecevedalot of attention.However,
mostof thesealgorithmsaredescribedn thecontet of anoutput
bufferedsystem.While outputbufferingmaybetheidealsystem
in termsof providing serviceguaranteest is not practicalfor
constructiorof switcheswith largeaggr@ateswitchingcapacity
Thereasornis thatan outputbufferedsystemneedgo buffer all
packetsarriving to it at ary time. Becausahesearrivals may



occursimultaneoushyfrom mary input ports,the outputbuffer
needssufficientmemorybandwidthto enqueuéraffic atamuch
higherratethana singleport maydequeust. In theworstcase,
N (thenumberof line cardsin the switch) packetscouldarrive
in theamountof time a port could sendone. This requiresthat
the memorybandwidthand control systemsspeedto scaleas
a function of the numberof cardsin the switch, which places
stringentlimits onthesystensize.

Sinceit is impracticalto build large switcheswith output
buffering, mosthigh speedswitchesutilize someform of input
buffering. By having buffersatinputports,it is possibleo build
high performancewitcheswith speedupwhichis definedo be
theratio of theline cards bandwidthinto/from the switch core
to thelink speedmuchsmallerthan V.

Buffering at the input changeghe contentionprobleminside
the switch. While contentionsonly happenat outputlinks in
anoutputbufferedswitch, they alsohapperatinput andoutput
cards! in aninput bufferedswitch— multiple packetsrom the
sameinput card may be destinedto the differentoutput cards
andmultiple packetdrom differentinput cardsmaybe destined
to the sameoutputcard. If theinput buffer is FIFO, thereis no
contentioratinput cards butit introducegheproblemof Head-
of-Line (HOL) blocking[11]: if the packetat the headof the
gueusds blockeddueto contentiorof theoutputcard packetshat
areonthe samenput cardbut destinedo othercontention-free
outputcardscannotbe forwarded. By maintainingat aninput
cardaseparatgueuefor eachoutputcard[1], theHOL problem
can be eliminated. Additional flexibility can be obtainedby
having buffering at both input and output cards[15], [6], [7],
[19], [5]. For switcharchitectureshat employinput-buffering
and use a relatively small speedupthereis still the issueof
how to resole contentionsat input and output cards. Most of
the researchn the literature hasfocusedon designingswitch
schedulingor matchingalgorithmsto maximizethe throughput
of theswitch[1], [19], [14], [5]. Relatiely little hasbeendone
to studyhow to provide QoSin switcheswith input buffering
andmodestspeedup.

B. PadketFair Queueing

Fair Queueingalgorithmsarepacketalgorithmsthatapprox-
imatethefluid GPSsystem.A GPSwith N sessionss charac-
terizedby N positiverealnumbersg, é2, - - -, 5. Duringary
time interval whenthereareexactly M non-emptyqueuesthe
sener senesthe M packetsat the headof the queuessimulta-
neouslyin proportionto their serviceshares.

EachFair Queueinglgorithmmaintainsa systenvirtual time
V(-). In additionit associatesiith eachsession a virtual start
time S;(-), anda virtual finish time F;(-). Intuitively, V' (¢)
representshe normalizedfair amountof servicetime thateach
sessionshould have receved by time ¢, S;(t) representshe
normalizedamounif servicetime thatsession hasrecevedby
timet, andF;(t) representthesumof S;(¢) andthenormalized
servicethat sessioni shouldreceve for servingthe packetat
the headof its queue. Since S;(t) keepstrack of the service
receved by sessiori by time ¢, S;(t) is alsocalledthe virtual

1it is commorfor large switchesto have cardsthatconnecmanyslower speed
externalportsto aninternalcard. Thuswe use“card” to referto the internal
organizationand“port” to referto theexternakonnections.

time of sessior, andalternatvely denotedV; (¢). Thegoal of
all PFQalgorithmsis thento minimizethediscrepancieamong
Vi(t)'sandV (¢).

.1 maz(V(t),S;(t—)) ibecomesctive
i(t) = Si(t—) + fk pk finishesservice
Lk

L)

While all Fair Queueingalgorithmsuse (1) to updates; (-)
and F;(-), they differ in two aspectsthe computationof the
systemvirtual time function, and the packetselectionpolicy.
Therole of the systemvirtual timeis to resetV; (-) wheneeran
unbackloggedession becomebackloggedgain.Example®of
systenvirtual timefunctionsarethestarttime of thepackebeing
currentlysened[10], thefinishtime of thepackebeing currently
sened [9], and a monotonicallyincreasingfunction that is at
leasttheminimum of the starttimesof all packetsatthe headof
currentlybackloggedjueued3]. Examplesof packetselection
policiesare: SmallesStarttimeFirst(SSF)[10], SmallesEinish
time First (SFF) [9], and SmallestEligible Finish time First
(SEFF)[3], [21]. The choiceof differentsystemvirtual time
functionsandpacketselectionpolicieswill affect the real-time
andfairnesgpropertiesof theresultingPFQalgorithm.

As will bediscussedaterin the paperwe will usemultiple
Fair Queueingsenersdistributedamonginput andoutputports
(distributedFair Queueing)o approximatehe serviceof a sin-
gle Fair Queueingsener at the outputport. Thekey difference
betweena D-PFQ anda single PFQ sener is thatwith a cen-
tralized PFQ, a single systemvirtual time is usedto resetthe
per sessiorvirtual timesfor all sessionstherefore keepingall
Vi(+)'s synchronizedWhereasn aD-PFQsystemsessionsay
usedifferentsystemvirtual timesto resettheir per sessiorvir-
tualtimes,theremaybediscrepancieamongthesessiorvirtual
timesdueto thediscrepanciesf systenvirtual time functions.
The solution,asdiscussedn detail later, is thento accountfor
the discrepancie®f the systemvirtual time functionsduring
scheduling.

Having reviewedthe presenstateof theartin switchdesigns
andthe mechanism&y which Fair Queueingoperatesye now
turnourattentiorto thedesignof aswitcharchitectureapableof
scalingto large size (measuredn termsof aggrgateswitching
capacityYor variablesizedpacketavhile retainingtheimportant
propertieof Fair Queueing.

Ourarchitecturaisesa crossbafor interconnectinghe cards
on which ports reside. Despitethe N2 compleity, a cross-
baris actuallythe most popularswitch core currently usedby
bothcommerciallendorsandresearcherisivestigatingzery high
speedswitching. For commercialsystemsthe mostimportant
aspecbf scalabilityis aggr@ateswitchingcapacitynotphysical
ports. If a switchcanhave afew tensof very high speeccards,
it is relatively easyto construcmultiplexorsanddemultiplecors
for connectindower speedportsto the switch.

Buffersareplacedat all threepotentialcontentionpoints: at
theinputs,atthe outputs andwithin the crossbarWhile having
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NOTATION USEDIN THE PAPER
Access Buffers
Input Output.
separatéuffersfor differentoutputcardsat eachinputcardcan Cards Arbitration
achieve 100% switch throughputwithout substantiakpeed-up .
at eitherthe input or outputbuffer [13], it is not sufiicient to N Pkts
supporipersessiorQoSguaranteeln ourarchitecturethereare
persessiomueuesat theinput card. Within the crossbarthere -
is buffering for eachinput card associatedvith every output CreditF

card. Theseaccessuuffers are maderelatively small, so that
it is practicalthat they may be placedon the crossbarchips
themseles. A simplecreditflow control mechanisnis usedto
manageccesso theaccesduffers. An input maysenddataas
long assufiicient spaces availableto sendonemaximumsized
(internal)packet. Whenpacketsareforwardedfrom the switch
coreto theoutput,acreditflows backto theinputcardto inform
it of the spacehatwasfreed. Persessiomueuesareusedonce
againat the output. This distributed buffering architectureis
shavn in Figuresl and?2.

To provide quality of serviceguaranteesfair queueingener
will beplacedateveryarconthesefigures.Intuitively, aninput-
outputbufferedswitchdiffersfrom an ouput-tufferedswitchin
that it needsto managenot only the bandwidthof the output
link, but alsothe accesgo the switch core from input cards
andthe accesgo outputcardsfrom the switch core. While an
outputbufferedswitchneedsonly N PFQseners,oneon each
output card, an input-outputbuffered switch needsadditional
PFQsenersto managehe additionalqueueingoints.

Fig.2. Crossbainternals

At eachinput cardi, thereare N PFQseners,onefor each
output card. We refer to the PFQ sener at input card i for
outputcardj asP FQ". Thereforetherearetotal N2 PF Q™
senerson all input cards,i = 1,--- N,j = 1 --- N. In
addition thereare2N PFQsenersinsidethecore,arbitratingthe
accessnto andout of theaccesdufferson the switchcore. We
referto themas PFQ;™"",i = 1,---, N,and PF Q5™ ", j
1,---, N. Finally, thereare N PFQsenersmanagingheoutput
link bandwidth,one on eachoutputcard. We referto themas
PFQ;?W. While this architectureseemgo be rathercomplex
asthereare conceptuallyN? + 3N PFQ seners, in practice
only 3N PFQseners are neededasthe N PFQ;"; seners,

)
7/7
j=1..-.-, N, andthe one PFQZ?‘Z'” sener on input card
cansharethesameFair Queueingengine.In addition,sinceper
sessiorstateis only kepton theinput andoutputcardsthatare



traversedby the sessionthe total amountof control statethat
needsto be maintainedby all the PFQsenersin our switchis
in propertionto the total numberof sessiongassingthrough
theswitch,comparableo thatmaintainedy anoutput-tuffered
switch.

For eachoutputcardj, the N PFQ;’} seners(i=1,--- N)
onthe NV inputcardsand P F Q<™ °“* collectively manageall the
sessionarriving from differentinputcardghataredestinatedor
theoutputcard; . Thekey designissueisthenhow to coordinate
theseV +1 PFQsenerssothatthey canemulateonePFQsener
in anoutputbufferedswitch. In particularin thecaseof asingle
PFQsenerin anoutputbufferedswitch,thesystenvirtual time
V; (7) is usedto representhe normalizedfair amountof service
that all backloggedsessionsat outputj shouldhave receved
by time 7. It is usedto re-initialize the per sessiorvirtual time
whenthesessiorbecomedacklogged However, in the caseof
aninput-outputbufferedswitch like ours,all sessionglestined
to the sameoutputcard j are physicallydistributedamong N
input cards. Sincewe use N + 1 PFQsenersto managdhese
sessionsindthey all have differentsystenvirtual times,in order
to emulatethe serviceof a singlePFQsener, thereis a needto
normalizetheseN + 1 systenwirtual timessothatthey canbe
compared.

LetV; ;(-) andO;(-) denotethesystemvirtual time functions
for PFQm and PFQc °ut senersrespectiely. The output
(into outputcard j from theswitchcore)normalizedvirtual time
for Vi ;(-), whichisusedby P F'Q5~ “* for arbitratingtheaccess
to theacesduffer to outputcard; amongall input cardsis:

Yii(t) = Vij(8) + i) 3

wherey; ;(t) is the offsetvaluethatis maintainedat the access
buffer to outputport j. y; ;(t) is updatedaccordingto the fol-
lowing whena packetthatis from input card: anddestinedo
outputcardj arrivesatanaccesduffer:

(t)

vii(t) = { j(t)
(4)

e., if the old offset would place the normalizedtimestamp
Y; ;(t) beforethe currentoutputvirtual time O;(-), the offset
is changedsothatthey arenow equal.

Conceptuallythisis a PFQsener usingO; (-) asthesystem
virtual time function, and servicing N queueghat correspond
to eachinput card. The normalizedvirtual timesY; ;(t) are
analogoudo sessiorvirtual timesin thatthey areresetto the
systemvirtual time value when arriving with a lower value.
Sincetheactuaivalueshemselescannotbemodified thesener
“normalizes”theminto a timespacen which they canbe. The
goal of the algorithmis to minimize the discrepancieamong
thesenormalizedimestampvalues. The algorithmdoesthis by
servicingqueuei (acces$uffer from inputcard: to outputcard
J) with thesmallesty; ; value.

While theabove algorithmaddressetheissueof arbitrationof
theacces®sutof theswitchcoreandinto eachoutputcard,there
is still the issueof the arbitrationof the accessnto the switch
corefrom eachinput card. In our design,thesetwo problems
aresymmetricandwe applythe sametechnique.

if Vij(t) +yi;(t)
= Vi) if Vij(t) +wi;(t)

Yii (1)

> 0;
Oj(t) <0

c—in

Let /;(-) bethesystemvirtual time functionof the P F Q5
sener. Theinput (into the switch core from the input card)
normalizedvirtual timefor V; ;(-) is

Vi) + i (t) (5)

wherez; ;(t) is the offsetvaluethatis maintainedat input card
i. w;;(t) is updatedaccordingto the following when (a) the
previouslyfilled accesbuffer hasdrainedandhasspaceo accept
morepacketswhichis triggeredby a creditpacketlowing from
the accesduffer to theinput card, or (b) a packetdestinedor
outputy arrivesat input ¢, thereareno packetsqueuedn input
i for outputj, andthereis enoughspacein the switch access
buffer to accep@aninternalpacketfrom inputi to outputy,
@i j(t—) Vii(t) +wij(t=) > Li(t)

=i = { 50 st v+ a2 1)

The updatesare analogougo thosefor the output’s normal-
izing offset. The symmetryof the problemresultsfrom theuse
of the accessufferson the crossbar They area cleanlevel of
abstractiorthatcanbe usedby theinputto know thattheoutput
is constrainegwhich occurswhenthebuffersaredepleted)and
by theoutputto know thattheinputis constrainedwhich occurs
whenthe buffersareempty).

In summarywe proposeadistributedswitcharchitecturevith
bufferingattheinput, outputandcrossbarPFQsenersareused
to manageall queueingand contentionpointsin the system.
To approximatehe serviceof a singlePFQsener in anoutput
buffered switch using multiple distributed PFQ seners, it is
importantto advancethe virtual times of the set of PFQ Fair
Queueingsenersin unison.Thisis achiezedby normalizingthe
systemvirtual time functionsat differentPFQseners.

Xij(t) =

)

(6)

IV. DISCUSSION

In our distributedswitcharchitecturethe problemof control-
ling the crossbacanbedividedinto two separatéasks:
1. eachof the N outputsindependentlyeadsfrom anyinput
thathasa packetin its accessuffer, and
2. eachof the N inputsindependenthsendspacketsto any
outputwith anaccess$uffer thathassufiicientbufferingfor
aninternalpacket.
Suchan architectureclearly separateshe differentcontention
pointsbothwithin the switchcoreandat its peripherythatany
distributedschedulingalgorithmwill have to address.The out-
putsselectwhich input cardto sere within the crossbar The
inputs selectwhich outputto sene andwhich sessiorfor that
outputto sere, asthey have the mostcompleteknowledgeof
how to meettherespectre guaranteesWe believe thata system
that doesnot requirecompletelysynchronousoperationof all
endcardsenablesigherperformancelueto lateng tolerance.
The distributednatureof the architecturealso eliminatesthe
requirementin a centralizedswitching systemthat fixed size
packetsbe usedinternally for switching purposes,thus sig-
nificantly reducingthe speeduppenalty associatedvith these
switcheswhenthey are usedin variable-sizepacketnetworks
suchasEthernetsandIP networks.
The speedupf a systemis the ratio of the line cards band-
width to/fromtheswitchcoreto thelink speed A speedugigher



than1 maybeneededor two reasons(1) reducingcontentions
at the input and output cards; (2) compensatindgor the band-
width lostdueto mismatchbetweerthe sizeof internalpackets
usedby the switchcoreandthe sizeof packetaisedonthewire.

Toillustratethesecondaspectconsidemvariable-sizgpacket
systemand a switch core using fixed-sizepacketsof L bytes
internally. If all packetsarriving at the switch have a length
of L + 1 bytes,it will taketwo internalpacketsto switch one
packeton the wire. To sustainthe link speedthe speedughas
to be Lz—fl or approximately2x. Sincea higherspeedupncurs
a highercost,we would like to minimize the speeduppenalty
thatis dueto the size mismatchbetweeninternalandexternal
packets Noticethatthis speedupenaltydoesnotexistin afixed
size packetsystemsuchas ATM networks. It only happensn
avariable-sizepacketsystemwith switchesemployinginternal
fixed packets.

Sinceall switchesemployinginput-bufferedswitcheswe are
awareof usesomeform of centralizednatchingalgorithmsand
all centralizedswitchschedulingpr matchingalgorithmsmpose
therestrictionthatthe databe switchedin unitsof fixedsize,all
existing input-buffered switchesneedto pay a worst-case?x
speedupoverheadpenalty when usedin variable size packet
networks.

Sinceno centralizedmatchingalgorithmis neededn our D-
PFQswitch,wecanusevariable-sizgpacketsalled:i Pkt s inside
the switch core to eliminate the speeduppenalty due to size
mismatchbetweeninternaland external packets.We notethat
mostcrossbasswitch fabricscansupportvariable-sizgpackets.
An interestingdesignissueis how to choosethe MTU for the
internal packet,or IMTU. Therearetwo designgoals: (a) we
wantto minimize the amountof buffer needednsidethe core.
Since eachaccesduffer needsto have spaceto storeat least
two internal packetspnefor receving from the input andone
for sendingto the output,a smalliMTU is desirable.And (b),
sinceeachinternalpackethassomeheadethatcontainscontrol
informationsuchasroutinginformation therewill beadditional
speedupequiredo accounfor thisheadepverhead We would
like to minimizethis speedumverheadwhile beingableto keep
up with the full link speedfor a wide rangeof packetsizes.
Combiningthesewo designgoals wewantto find theminimum
sizeiMTU suchthatthe speedumverheads minimizedwhile
theswitchis still ableto supportfull link speedgor wide range
of packetsizes.

GivenaniMTU (excluding the headerlength, which is as-
sumedto be H) the worst casearrival patternfor the switchis
whenthe lengthof all packetds iIMTU + 1, in which casetwo
internal packetsneedto be sentfor eachexternal packet,with
sizes(includingheaderH + iMTU andH + 1 respectiely. The
speedumeededo achieve full line speedn this caseis:

tMTU 414 2H
MTU +1

(7)

Anotherspeciahrrival patterns whenthelengthof all packets
ismTU,theminimunpackesizeallowedonthewire. Assuming
iMTU > mTU, only oneinternalpacketof lengthiMTU + H
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neededo achieve full line speeds:
mIU+ H (8)
mTU

Since 2LUAH s a lower bound for the speedupneededto
achieve full link speedfor ary packetarrival patterns,if we

canchoosean:MTU suchthat

tMTU + 1+ 2H
iMTU+1 —

mIU+ H
mil'U

(9)

thenwegettheminimumiMTU suchthatevenwith theminimum
speedugZLUAH) theswitchcanforwardpacketstlink speed
for ary packetsizes. Solving this inequality shavs that the
mMinimumiMTU is 2mTU - 1.

We believe thatthe distributed D-PFQswitch architecturds
relatively simpleto implement.Sucha controlsystenmshouldbe
compatiblewith architecturesuchas[15]. In fact,thecommu-
nicationbetweerthecontrollogic andtheinput cardss actually
reducedascomparedo typicalswitchdesgins Becaus¢hedata
nolongerneeddo beprovidedwith stricttiming constraintsthe
procescanbe pipelined,thusenablinghigherspeedperation.
The distribution of control hasnumerousotherbenefitsfor ro-
bust systems.The price of thesefeaturesis N2 buffers, where
N is numberof line cards. However, this costwill beincurred
onthecrossbachips,whosesizeis limited by the pincount,not

is neededfor eachexternal packetin this case. The speedup by theinternalsiliconarea[19].



SessionlDs| Traffic type | Reseredrate | Arrivalrate | Packetlength | WFQ Delaybound | Bandwidth(idle on/off)
100— 103 | CBR 10Mbps 20 Mbps 1250Bytes | N/A 17.9 Mbps
105— 108 | On/Off 10 Mbps 10 Mbps 1250Bytes 1ms N/A
110- 113 | CBR 1 Mbps 1 Mbps 1250Bytes 10ms 1Mbps
115- 118 | CBR 1 Mbps 1 Mbps 1250Bytes 10ms 1Mbps
120— 124 | Poisson 2 Mbps 6 Mbps 500Bytes N/A 3.58Mbps
130— 139 | CBR 100kbps 100kbps 100Bytes 8ms 100kbps
140— 145 | CBR 100kbps 100kbps 100Bytes 8ms 100kbps
145— 149 | CBR 100kbps 2 Mbps 100Bytes N/A 179kbps
TABLE I
TRAFFIC SOURCES

V. SIMULATION EXPERIMENTS

In this section,we presentsimulationexperimentsto evalu-
atethe delayandbandwidthpropertiesof the proposed-PFQ
switch architecture. We assumea switchedEtherneterviron-
mentwith packetsizesbetween64 to 1500 Bytes and a link
speeddf 100Mbps. Internaloverheadsre8 Bytespervariable
sizediPkt with aniIMTU of 128 Bytes. As discussedn Sec-
tion 1V, to switchpacketsatfull link speedaminimumspeedup
of % = 1.125is needed. The speedupverheadof 12.5%
is a directconsequencef the internalpacketheaderverhead.
Keepingwith conventionto stateinternal speedupwith respect
to the amountof external bandwidththat can passinternally,
we referto this asa 1.0x speedup.To reducethe input/output
contentionto/from the switch core,additionalspeedupnay be
needed.

All experimentsvereperformedusinga4x4 switcharchitec-
ture asillustratedin Figure 3. For simplicity, we setup three
sessiongroups,labeledas“A”, “B”, and“C”. Eachinput and
outputcardrecevessessiongrom all groups.For example,the
block “B-3” atinputcardl in the Figurerepresenthe session
groupB destinedfor output3. The neteffect is thatfor given
ary input/outpu cardandary sessiorin the sessiorgroupsthe
sessiortraverseshe cardexactly once. In the Figure,we only
depictsthe sessionshataredestinedo the outputcardl. Table
Il liststhesourcecharacteristicef thesessionsAs canbeeasily
verified, the sum of the resered ratesfor all sessionsn three
traffic groupsis 100 Mbps. MostsessionaireCBR sourceghat
transmitaccordingotheirreseredrates.Theexceptionsare(a)
sessiond00-103whichareCBR sourceshathave areseration
of 10Mbps,buttransmitatahigherrateof 20 Mbps,(b) sessions
105-108whichareon-off sourcesvith anon/off periodof 1 sec-
ondandthattransmitatareseredrateof 10 Mbpsduringtheon
period,and(c) session420-124 whicharePoissorsourceshat
transmitat an averagerate of 6 Mbps, much higherthantheir
reseredrateof 2 Mbps.

An observingreadermay notice that the sum of the rates
arriving ataninputcardis actuallyhigherthan100Mbps,which
is impossiblein a switchwith alink speedof 100 Mbps. In the
simulation,we setthe inputlink speedo be 200 Mbpsandthe
outputlink speedto be 100 Mbps. The reasonwe setup the
experimentthis way is to createa scenarioin which all output
links beingobsenedareoverloaded.This setupcanbe viewed
asanemulationof an8x8 switchin whichonly four outputcards

areoverloaded.

For eachsessionTablell alsoliststhedelayboundthatcould
beprovidedby WFQin anoutputbufferedswitch,andtheband-
width that the sessionshouldideally achieze whenthe on-off
sourcesarenottransmitting.Whenthe on-off sourcesaretrans-
mitting, the outputlink hasthe entire capacityresered by the
membersessionsand eachsessiorshouldideally receve the
serviceof its reseredrate.

For all theexperimentswe evaluatethe delayandbandwidth
performanc@rovidedbytheproposed-PFQsystem.For delay
performancewe plot delaydistributions of source-constrained
sessiongn the presencef burstyandoverloadingcrosstraffic.
In particular we chooseahreesessions105,whichis anon-off
sourcewith 1 secondon/off period and transmitsat a rate of
10 Mbps during the on period, 110 and 130, which are CBR
sourceghattransmitat 1 Mbpsand100Kbpsrespectrely. For
bandwidthperformanceweplot bandwidthdistribution of bursty
andunconstrainedession# the presencef on-off sourcesin
this casewe choosdhreesessions100,whichis a CBR source
with aresenrationof 10 Mbpsbut transmittingat 20 Mbps, 105,
which is an on/off source,and 120, which is a Poissonsource
with areseredrateof 2 Mbpsbuttransmittingatanaveragerate
of 6 Mbps. In bandwidthdistribution Figures the bandwidthis
averagedover non-overlappingtime intervalsof 10 ms.

We evaluatethe performanceof our systemusing four dif-
ferenttypesof PacketFair Queueingalgorithms: WF?Q [4],
WF2Q+ [3], SCFQI[9], andSFQ[10]. WF?Q usesthe system
virtual time functionof GPS,which requiresemulationof GPS,
andthe SEFFpacketselectionpolicy. It hasbeenshavn that
WF?Q is the mostaccuratepacketapproximatioralgorithm of
GPS.The otherthreealgorithmsusesystemvirtual time func-
tions that are computedsolely basedon the statein the packet
system(self-clocked)without emulatingthe fluid GPSsystem.
While thesealgorithmsprovide delayboundsandfairnesssimi-
lar to thoseprovidedby GPS their systenvirtual time functions
maydeviatefrom theideal GPSvirtual timefunctionoverashort
timeinterval.

Thefirst setof experimentswererun usinga 1.0x speedup.
Figures4 and5 shawv thedelayandbandwidthdistributions. As
canbeenseen,only D-WF?Q performswell in this case. This
is becausehe accurayg of the virtual timesat theinput cardsis
critical with alow speed-up.

Thesecondsetof experimentavererunusingal.25xspeedup.
Figures6 and7 shawv thedelayandbandwidthdistributions. As
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Fig. 4. Delayplotsw/ 1.0xspeedup

canbeernseenall four systemgperformreasonablyvell. Packets
of sessiori 10experiencenhigherdelayin aD-SCFQsystenthan
in D-WF2Q andD-WF?Q+ systems.This is becausevenwith

astandalon®FQsystem SCFQprovidesa higherdelaybound
thanWF2Q andWF2Q+. D-SFQprovideslower delayfor lower

rate sessionsl10 and 130 while higher delay for higher rate
sessionl05 comparedo the otheralgorithms. Again, this is

consistentvith the caseof standalon®FQseners.

In summary with no speedupfor D-PFQto achiere good
performanceit is critical for the componentPFQ algorithms
to have accuratevirtual time functions. With modestspeedup,
the proposedD-PFQ architecturecan closely approximatethe
performanceof an outputbuffered switch thatimplementsary
of the PacketFair Queueingalgorithmsdiscussedhere.

VI. RELATED WORK

Theseparatioof switchschedulingrom dataforwardingwas
proposedby Andersoretal[1]. With theobjectiveof highsystem
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throughputthey proposedParallel Iterative Matching (PIM) to

quickly pair inputsandoutputsusinga sequencef grantsand
acknavledgementsTheir crossbais bufferless thusrequiring
the matchingto be synchronizedn time. A static scheduling
tableis usedto supportCBR traffic.

A discussionof the benefitsof using a switch core similar
to ourswith input, output,andinternalbuffering may be found
in [5]. We believe our techniquescan be easilyaugmentedo
suchanarchitecturdo enableit to provide QoSguarantees.

Lund, Phillips, andReingoldproposeda mechanisnfor pro-
viding perVC fairnessn [12]. Theirsystememploysbothinput
andoutputbufferingwith a speedumf approximatel\20%in a
crossbaswitchusingaderivative of PIM for performingmatch-
ing. The resulting systemclosely approximatesa prioritized
roundrobin. Conceptually FARR is the closestto our work
in thatit usesa timestampinsteadof a weight for scheduling
amongthe input nodes. However, the natureof the timestamp
comparisordictateghesystenbesynchronizedandbandwidth
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guaranteegrenot provided. In addition, it is designedsolely
for ATM.

StilliadisandVermaproposea schemeo provide bandwidth
guaranteesn an input buffered crossbarswitch [20]. Their
systememploysavariantof PIM calledWPIM (WeightedProb-
abilistic Iterative Matching)thatattemptdo performamaximal
matchwith the selectionprobability weightedby the sum of
bandwidthreserationsbetweertheline cards.While amecha-
nismusinga staticweightassignmenshouldbeableto provide
minimum bandwidthallocation,the effects of a conflict in the
matchingarenot clear Furthermorethe distribution of excess
bandwidthis dependenbn the input card whenit is not the
bottleneck.

A suney on switchdesignissuesmaybefoundin [2]. Hop-
by-hop flow control algorithms, such as the one we employ
needto pay carefulattentionto detailsof synchronizatiorand
loss. Thesassuesandtheir solutionsaredescribedn [18]. The
issueof performingmulticastin inputbufferedswitchehasbeen
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studiedin [22], [16].

VII. CONCLUSION

We have presentedhe designof a switchthatcanboth scale
to high switchingcapacityandprovide advancedQoS.We have
madeseveral contributionsin this paper First, we have devel-
opedmechanismthatenabletheconstructiorof a high capacity
switchwithout a centralarbiterto betolerantof relatively high
internallateny. Thesemechanism&nableboth highersystem
throughput,and the use of variable sized packetsinternal to
the switchcore. Theresultingreductiondn bothfragmentation
andinternal overheadmakespossiblefor the switchto support
full link speedfor a wide rangeof packetsizeswhile running
at a modestspeedup.Secondly we proposetechniquedo use
multiple Fair Queueingsenersdistributedamongnputandout-
put cardsto approximatehe serviceof a singleFair Queueing
sener at the outputport. The key is to ensurethatthe virtual
timesof the setof distributedFair Queueingsenersadwancein



unison. However, no global synchronizations required,asthe
corearbitersoperatenthegrowth of thecomponenvirtual time
functioms,not their actualvalues. Resultsfrom simulationex-

perimentsarepresentedo demonstratéhattheresultingsystem
provides servicethat closely approximatesan output buffered
switchemployingFair Queueingvith modestspeedup.
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