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Abstract—Tosupport the Internet’ sexplosivegrowth and expansioninto
a true integrated servicesnetwork, there is a needfor cost-effectiveswitch-
ing technologiesthat can simultaneouslyprovide 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 managequeueing
points. However, the bulk of current research in packet schedulingalgo-
rithms assumesan output buffered switch architecture,whereasmost high
performanceswitches(both commercial and research) are input buffered.
While output buffered systemsmay havethe desiredquality of service,they
lack the necessaryscalability. Input buffered systems,while scalable,lack
the necessaryquality of servicefeatures. In this paper, weproposethe con-
struction of switchingsystemsthat areboth input andoutput buffered,with
the scalability of input buffered switchesand the robust quality of service
of output buffered switches. We call the resulting architecture Distributed
PacketFair Queueing(D-PFQ) asit enablesphysically dispersedline cards
to provideservicethat 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
beproperly definedfor distributed operation. Wepresentour systemusing
a crossbarfor the switch core,asthey arewidely usedin commercial prod-
ucts and enable the clearest presentationof our architecture. Buffering
techniquesare used to enhancethe system’s latency tolerance, which en-
ablesthe useof pipelining and variable packet sizesinternally. Our system
is truly distributed in that there is neither a central arbiter nor any global
synchronization. Simulation resultsarepresentedto evaluatethe delayand
bandwidth sharing propertiesof the proposedD-PFQ system.

I. INTRODUCTION

With theriseof the Internet’s popularity, attentionis turning
to emerging integratedservicespacket-switchednetworksto si-
multaneouslysupportapplicationswith diverseperformanceob-
jectivesandtraffic characteristics.In packetswitchednetworks,
packetsfrom differentsessionsbelongingto differentservice
and administrative classesinteractwith eachother when they
aremultiplexedin thenetworkswitches.Thepacketscheduling
algorithmswithin theseswitchesplay a critical role in control-
ling the interactionsamongdifferentsessions.Therehasbeen
a lot of researchon designingschedulingalgorithmsthat sup-
port Qualityof Service[23].Mostof it assumesoutputbuffered
switcheswherequeueinghappensonly at outputlinks.

Forswitchesof moderatescale(5Gbpsatcurrenttechnology),
outputbufferedswitchesmaybeconstructedandtheidealmodel
canberealized[17]. However, for largerswitches,thespeedsbe-
cometoogreatto implementasharedor outputbufferedswitch.
The problemis twofold: First, the memorysize andspeedat
anoutputcardbecomesexpensive. Second,control logic must
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operateat a very high rate. Theseproblemswill bepresentfor
any output buffered switch, including one utilizing the FIFO
schedulingpolicy. In orderto reducecostandsimplify imple-
mentation,mosthighperformanceswitches(bothresearch[15]
andcommercial[6], [7]) have chosenarchitecturesemploying
input buffering. While theseadditionalqueueingpointsarere-
quiredto enablecost-effective systemscalability, the behavior
of thetraffic patternsinternalto theswitchcandetractfrom the
outputscheduler’s ability to provideserviceguarantees.This is
becausepacketsthatshouldbetransmittedoutalink canbetem-
porarily blockedat the switch inputs. Anotherproblemfacing
practitionersis that most researchon designingscalablesys-
temshasbeenfor switchesservicingfixedsizedcells. However,
thereis agreatneedfor high performanceswitchesthatsupport
variablelengthpacketnetworks,includingIP andEthernet.

In this paper, we proposemechanismsfor providing service
that closely approximatesan output buffered switch employ-
ing Fair Queueing.BesidessupportingQoS,thesemechanisms
achieve two additional goals: efficiently supportingvariable
sizedpacketsandmaximizingthroughputin a switchcore.The
resultingDistributedPacketFair Queueing(D-PFQ)architec-
turerequiresnoglobalsynchronizationandcanbepipelinedfor
high speedoperation. We describeour systemin the context
of a networkutilizing Ethernetframesizes. Simulationresults
arepresentedto illustratethebandwidthdistribution anddelay
propertiesof D-PFQ.

The rest of the paperis organizedas follows. We first re-
view issuesin designinghigh performanceswitchesandPFQ
algorithmsin SectionII. We then describethe designof our
D-PFQswitcharchitecturein SectionIII anddiscusssomeof its
propertiesin SectionIV. Simulationexperimentsarepresented
in SectionV to evaluatethedelayandbandwidthperformance
of D-WF2Q, D-WF2Q+,D-SFQ,andD-SCFQ.

II. BACKGROUND

A. Switching

To supportQoSguarantees,advancedschedulingalgorithms
have beenproposedthatmanagequeueson a per-sessionbasis.
In particular, a classof PacketFair Queueingalgorithms[4],
[8], [9], [10], which can be usedto supportboth guaranteed
andadaptiveservices,havereceiveda lot of attention.However,
mostof thesealgorithmsaredescribedin thecontext of anoutput
bufferedsystem.Whileoutputbufferingmaybetheidealsystem
in termsof providing serviceguarantees,it is not practicalfor
constructionof switcheswith largeaggregateswitchingcapacity.
Thereasonis thatanoutputbufferedsystemneedsto buffer all
packetsarriving to it at any time. Becausethesearrivals may



occursimultaneouslyfrom many input ports,the outputbuffer
needssufficientmemorybandwidthto enqueuetraffic atamuch
higherrate� thana singleportmaydequeueit. In theworstcase,�

(thenumberof line cardsin theswitch)packetscouldarrive
in theamountof time a port couldsendone. This requiresthat
the memorybandwidthandcontrol systemsspeedto scaleas
a function of the numberof cardsin the switch, which places
stringentlimits on thesystemsize.

Since it is impractical to build large switcheswith output
buffering, mosthigh speedswitchesutilize someform of input
buffering. By having buffersat inputports,it is possibleto build
highperformanceswitcheswith speedup,whichis definedto be
theratio of theline card’s bandwidthinto/from theswitchcore
to thelink speed,muchsmallerthan

�
.

Bufferingat theinput changesthecontentionprobleminside
the switch. While contentionsonly happenat output links in
anoutputbufferedswitch,they alsohappenat input andoutput
cards1 in an input bufferedswitch– multiple packetsfrom the
sameinput cardmay be destinedto the differentoutputcards
andmultiplepacketsfrom differentinputcardsmaybedestined
to thesameoutputcard. If theinput buffer is FIFO, thereis no
contentionat inputcards,but it introducestheproblemof Head-
of-Line (HOL) blocking [11]: if the packetat the headof the
queueisblockedduetocontentionof theoutputcard,packetsthat
areon thesameinput cardbut destinedto othercontention-free
outputcardscannotbe forwarded. By maintainingat an input
cardaseparatequeuefor eachoutputcard[1], theHOL problem
can be eliminated. Additional flexibility can be obtainedby
having buffering at both input andoutputcards[15], [6], [7],
[19], [5]. For switcharchitecturesthat employinput-buffering
and use a relatively small speedup,there is still the issueof
how to resolve contentionsat input andoutputcards. Most of
the researchin the literaturehasfocusedon designingswitch
schedulingor matchingalgorithmsto maximizethethroughput
of theswitch[1], [19], [14], [5]. Relatively little hasbeendone
to studyhow to provide QoSin switcheswith input buffering
andmodestspeedup.

B. PacketFair Queueing

Fair Queueingalgorithmsarepacketalgorithmsthatapprox-
imatethefluid GPSsystem.A GPSwith

�
sessionsis charac-

terizedby
�

positiverealnumbers,� 1 � � 2 ��������� �	� . Duringany
time interval whenthereareexactly 
 non-emptyqueues,the
server servesthe 
 packetsat the headof thequeuessimulta-
neously, in proportionto their serviceshares.

EachFairQueueingalgorithmmaintainsasystemvirtual time�
� ��� . In additionit associateswith eachsession� a virtual start
time �	� � ��� , and a virtual finish time ��� � ��� . Intuitively,

����� �
representsthenormalizedfair amountof servicetime thateach
sessionshould have received by time

�
, � � ��� � representsthe

normalizedamountof servicetimethatsession� hasreceivedby
time

�
, and ��� ��� � representsthesumof �	� ��� � andthenormalized

servicethat session� shouldreceive for servingthe packetat
the headof its queue. Since � � ��� � keepstrack of the service
received by session� by time

�
, �	� ��� � is alsocalledthe virtual

1It is commonfor largeswitchestohavecardsthatconnectmanyslowerspeed
externalportsto an internalcard. Thuswe use“card” to refer to the internal
organization,and“port” to referto theexternalconnections.

time of session� , andalternatively denoted
� � ��� � . Thegoal of

all PFQalgorithmsis thento minimizethediscrepanciesamong� � ��� � ’sand
����� � .

�	� ��� ��� ��� �"! �#�
��� �$� � � ���&% ��� � becomesactive� � ���&% �('*),+-. - /10� finishesservice
(1)

� � ��� ��� � � ��� ��'32 0�4 � (2)

While all Fair Queueingalgorithmsuse(1) to update� � � � �
and � � � ��� , they differ in two aspects,the computationof the
systemvirtual time function, and the packetselectionpolicy.
Theroleof thesystemvirtual time is to reset

� � � � � whenever an
unbackloggedsession� becomesbackloggedagain.Examplesof
systemvirtual timefunctionsarethestarttimeof thepacketbeing
currentlyserved[10], thefinishtimeof thepacketbeingcurrently
served [9], and a monotonicallyincreasingfunction that is at
leasttheminimumof thestarttimesof all packetsat theheadof
currentlybackloggedqueues[3]. Examplesof packetselection
policiesare:SmallestStarttimeFirst(SSF)[10], SmallestFinish
time First (SFF) [9], and SmallestEligible Finish time First
(SEFF)[3], [21]. The choiceof differentsystemvirtual time
functionsandpacketselectionpolicieswill affect thereal-time
andfairnesspropertiesof theresultingPFQalgorithm.

As will bediscussedlater in the paper, we will usemultiple
Fair Queueingserversdistributedamonginputandoutputports
(distributedFair Queueing)to approximatetheserviceof a sin-
gle Fair Queueingserver at theoutputport. Thekey difference
betweena D-PFQanda singlePFQserver is that with a cen-
tralizedPFQ,a single systemvirtual time is usedto resetthe
persessionvirtual timesfor all sessions,therefore,keepingall� � � � �6587 synchronized.Whereasin aD-PFQsystem,sessionsmay
usedifferentsystemvirtual timesto resettheir per sessionvir-
tual times,theremaybediscrepanciesamongthesessionvirtual
timesdueto thediscrepanciesof systemvirtual time functions.
Thesolution,asdiscussedin detail later, is thento accountfor
the discrepanciesof the systemvirtual time functionsduring
scheduling.

III. DISTRIBUTED SWITCH ARCHITECTURE

Having reviewedthepresentstateof theart in switchdesigns
andthemechanismsby which Fair Queueingoperates,we now
turnourattentiontothedesignof aswitcharchitecturecapableof
scalingto largesize(measuredin termsof aggregateswitching
capacity)for variablesizedpacketswhile retainingtheimportant
propertiesof Fair Queueing.

Ourarchitectureusesa crossbarfor interconnectingthecards
on which ports reside. Despitethe

� 2 complexity, a cross-
bar is actually the mostpopularswitch corecurrentlyusedby
bothcommercialvendorsandresearchersinvestigatingveryhigh
speedswitching. For commercialsystems,the mostimportant
aspectof scalabilityisaggregateswitchingcapacity, notphysical
ports. If a switchcanhave a few tensof very high speedcards,
it is relatively easyto constructmultiplexorsanddemultiplexors
for connectinglowerspeedportsto theswitch.

Buffersareplacedat all threepotentialcontentionpoints: at
theinputs,at theoutputs,andwithin thecrossbar. While having
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Fig. 1. DistributedSwitchArchitecture

9 � systemvirtual time functionfor :;�=<?>A@ ��B�CED
systemvirtual time functionfor :;�=< >A@GF6HJID� �LK D systemvirtual time functionfor :;�=< ��B�MK D! �LK D offsetbetweenN��MK D and

� �MK DO �MK D offsetbetweenP �MK D and
� �MK DN��LK D inputnormalizedvirtual time functionfor

� �LK DP	�LK D outputnormalizedvirtual time functionfor
� �MK D�M
RQ?S theMTU usedinternalto theswitchcore

TABLE I

NOTATION USEDIN THE PAPER

separatebuffersfor differentoutputcardsateachinputcardcan
achieve 100%switch throughputwithout substantialspeed-up
at either the input or outputbuffer [13], it is not sufficient to
supportpersessionQoSguarantee.In ourarchitecture,thereare
persessionqueuesat theinput card. Within thecrossbar, there
is buffering for eachinput card associatedwith every output
card. Theseaccessbuffers are maderelatively small, so that
it is practical that they may be placedon the crossbarchips
themselves. A simplecreditflow controlmechanismis usedto
manageaccessto theaccessbuffers. An inputmaysenddataas
longassufficientspaceis availableto sendonemaximumsized
(internal)packet.Whenpacketsareforwardedfrom theswitch
coreto theoutput,acreditflowsbackto theinputcardto inform
it of thespacethatwasfreed.Per-sessionqueuesareusedonce
againat the output. This distributedbuffering architectureis
shown in Figures1 and2.

Toprovidequalityof serviceguarantees,afair queueingserver
will beplacedateveryarconthesefigures.Intuitively,aninput-
outputbufferedswitchdiffersfrom anouput-bufferedswitchin
that it needsto managenot only the bandwidthof the output
link, but also the accessto the switch core from input cards
andthe accessto outputcardsfrom theswitch core. While an
outputbufferedswitchneedsonly

�
PFQservers,oneon each

output card, an input-outputbuffered switch needsadditional
PFQserversto managetheadditionalqueueingpoints.

Arbitration
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At eachinput card � , thereare
�

PFQservers,onefor each
output card. We refer to the PFQ server at input card � for
outputcard [ as :;�;< ��B�MK D . Therefore,therearetotal

� 2 :;�;< �8B�LK D
servers on all input cards, � � 1 �������A� � � [ � 1 �������A� � . In
addition,thereare2NPFQserversinsidethecore,arbitratingthe
accessinto andoutof theaccessbufferson theswitchcore.We
refer to themas :;�;< >A@ ��B� � � � 1 �������A� � , and :;�;< >A@(F#HJID � [ �
1 �������A� � . Finally, thereare

�
PFQserversmanagingtheoutput

link bandwidth,oneon eachoutputcard. We refer to themas:;�;< F#HJID . While this architectureseemsto be rathercomplex
as thereare conceptually

� 2 ' 3
�

PFQ servers, in practice
only 3

�
PFQ servers are needed,as the N :;�;< �8B�LK D servers,[ � 1 �������\� � , and the one :;�;< >A@ �8B� server on input card �

cansharethesameFair Queueingengine.In addition,sinceper
sessionstateis only kepton the input andoutputcardsthatare



traversedby the session,the total amountof control statethat
needsto bemaintainedby all the PFQserversin our switch is
in proportion] to the total numberof sessionspassingthrough
theswitch,comparableto thatmaintainedby anoutput-buffered
switch.

For eachoutputcard[ , the
� :=�;< ��B�MK D servers( � � 1 ��������� � )

onthe
�

inputcardsand :;�=< >A@GF6HJID
collectivelymanageall the

sessionsarrivingfromdifferentinputcardsthataredestinatedfor
theoutputcard[ . Thekey designissueis thenhow tocoordinate
these

� ' 1 PFQserverssothatthey canemulateonePFQserver
in anoutputbufferedswitch. In particular, in thecaseof asingle
PFQserver in anoutputbufferedswitch,thesystemvirtual time� D �L^ � is usedto representthenormalizedfair amountof service
that all backloggedsessionsat output [ shouldhave received
by time

^
. It is usedto re-initializethepersessionvirtual time

whenthesessionbecomesbacklogged.However, in thecaseof
an input-outputbufferedswitch like ours,all sessionsdestined
to the sameoutputcard [ arephysicallydistributedamong

�
input cards.Sincewe use

� ' 1 PFQserversto managethese
sessionsandthey all havedifferentsystemvirtual times,in order
to emulatetheserviceof a singlePFQserver, thereis a needto
normalizethese

� ' 1 systemvirtual timessothat they canbe
compared.

Let
� �MK D � ��� and

C D � ��� denotethesystemvirtual timefunctions
for :;�;< �8B�LK D and :;�=< >A@GF6HJID

servers respectively. The output
(into outputcard[ from theswitchcore)normalizedvirtual time
for
� �MK D � ��� , whichisusedby :;�;< >A@(F#HJID

for arbitratingtheaccess
to theacessbuffer to outputcard [ amongall input cards,is:P �MK D ��� �_� � �MK D ��� �(' O �LK D ��� � (3)

where O �MK D ��� � is theoffsetvaluethat is maintainedat theaccess
buffer to outputport [ . O �MK D ��� � is updatedaccordingto the fol-
lowing whena packetthat is from input card � anddestinedto
outputcard[ arrivesatanaccessbuffer:

O �LK D ��� �_�a` O �MK D ��� � �Lb � �MK D ��� ��' O �MK D ��� �dc CED ��� �C D ��� � %e� �LK D ��� � �Lb � �MK D ��� ��' O �MK D ��� �df C D ��� �
(4)

i.e., if the old offset would place the normalizedtimestampP �LK D ��� � beforethe currentoutputvirtual time
CED � ��� , the offset

is changedsothatthey arenow equal.
Conceptually, this is a PFQserver using

C D � ��� asthesystem
virtual time function, andservicing

�
queuesthat correspond

to eachinput card. The normalizedvirtual times P	�MK D ��� � are
analogousto sessionvirtual times in that they areresetto the
systemvirtual time value when arriving with a lower value.
Sincetheactualvaluesthemselvescannotbemodified,theserver
“normalizes”theminto a timespacein which they canbe. The
goal of the algorithmis to minimize the discrepanciesamong
thesenormalizedtimestampvalues.Thealgorithmdoesthis by
servicingqueue� (accessbuffer from inputcard � to outputcard[ ) with thesmallestP	�LK D value.

While theabovealgorithmaddressestheissueof arbitrationof
theaccessoutof theswitchcoreandinto eachoutputcard,there
is still the issueof the arbitrationof the accessinto the switch
corefrom eachinput card. In our design,thesetwo problems
aresymmetricandweapplythesametechnique.

Let
9 � � ��� bethesystemvirtual time functionof the :;�;< >A@ �8B�

server. The input (into the switch core from the input card � )
normalizedvirtual time for

� �MK D � ��� is:N��MK D ��� �d� � �MK D ��� �(' ! �MK D ��� � (5)

where
! �MK D ��� � is theoffsetvaluethat is maintainedat input card� . ! �LK D ��� � is updatedaccordingto the following when(a) the

previouslyfilled accessbufferhasdrainedandhasspacetoaccept
morepackets,whichis triggeredby acreditpacketflowing from
the accessbuffer to the input card,or (b) a packetdestinedfor
output [ arrivesat input � , thereareno packetsqueuedin input� for output [ , andthereis enoughspacein the switch access
buffer to acceptaninternalpacketfrom input � to output [ ,
! �MK D ��� �g�a` ! �LK D ���&% � � �MK D ��� ��' ! �MK D ���&% �Ec 9 � ��� �9 � ��� � %h� �LK D ��� � � �MK D ��� ��' ! �MK D ���&% �Ef 9 � ��� � (6)

Theupdatesareanalogousto thosefor the output’s normal-
izing offset. Thesymmetryof theproblemresultsfrom theuse
of theaccessbufferson thecrossbar. They area cleanlevel of
abstractionthatcanbeusedby theinput to know thattheoutput
is constrained(whichoccurswhenthebuffersaredepleted),and
by theoutputto know thattheinputis constrained(whichoccurs
whenthebuffersareempty).

In summary, weproposeadistributedswitcharchitecturewith
bufferingattheinput,outputandcrossbar. PFQserversareused
to manageall queueingand contentionpoints in the system.
To approximatetheserviceof a singlePFQserver in anoutput
buffered switch using multiple distributed PFQ servers, it is
importantto advancethe virtual times of the set of PFQFair
Queueingserversin unison.This is achievedby normalizingthe
systemvirtual time functionsatdifferentPFQservers.

IV. DISCUSSION

In ourdistributedswitcharchitecture,theproblemof control-
ling thecrossbarcanbedividedinto two separatetasks:

1. eachof the
�

outputsindependentlyreadsfrom any input
thathasa packetin its accessbuffer, and

2. eachof the
�

inputs independentlysendspacketsto any
outputwith anaccessbuffer thathassufficientbufferingfor
aninternalpacket.

Suchan architectureclearly separatesthe differentcontention
pointsbothwithin theswitchcoreandat its peripherythatany
distributedschedulingalgorithmwill have to address.Theout-
putsselectwhich input cardto serve within the crossbar. The
inputsselectwhich outputto serve andwhich sessionfor that
outputto serve, asthey have the mostcompleteknowledgeof
how to meettherespectiveguarantees.Webelievethatasystem
that doesnot requirecompletelysynchronousoperationof all
endcardsenableshigherperformancedueto latency tolerance.

Thedistributednatureof the architecturealsoeliminatesthe
requirementin a centralizedswitching systemthat fixed size
packetsbe used internally for switching purposes,thus sig-
nificantly reducingthe speeduppenaltyassociatedwith these
switcheswhen they areusedin variable-sizepacketnetworks
suchasEthernetsandIP networks.

Thespeedupof a systemis the ratio of the line card’s band-
width to/fromtheswitchcoreto thelink speed.A speeduphigher



than1 maybeneededfor two reasons:(1) reducingcontentions
at the input andoutputcards;(2) compensatingfor the band-
width lost] dueto mismatchbetweenthesizeof internalpackets
usedby theswitchcoreandthesizeof packetsusedonthewire.

To illustratethesecondaspect,consideravariable-sizepacket
systemand a switch core using fixed-sizepacketsof 2 bytes
internally. If all packetsarriving at the switch have a length
of 2 ' 1 bytes,it will taketwo internalpacketsto switch one
packeton the wire. To sustainthe link speed,thespeeduphas
to be 2))	i 1 or approximately2x. Sincea higherspeedupincurs
a highercost,we would like to minimize the speeduppenalty
that is dueto the sizemismatchbetweeninternalandexternal
packets.Noticethatthisspeeduppenaltydoesnotexist in afixed
sizepacketsystemsuchasATM networks. It only happensin
a variable-sizepacketsystemwith switchesemployinginternal
fixedpackets.

Sinceall switchesemployinginput-bufferedswitcheswe are
awareof usesomeform of centralizedmatchingalgorithmsand
all centralizedswitchschedulingor matchingalgorithmsimpose
therestrictionthatthedatabeswitchedin unitsof fixedsize,all
existing input-bufferedswitchesneedto pay a worst-case2x
speedupoverheadpenaltywhen usedin variable size packet
networks.

Sinceno centralizedmatchingalgorithmis neededin our D-
PFQswitch,wecanusevariable-sizepacketscalled�M:;j � 7 inside
the switch core to eliminate the speeduppenaltydue to size
mismatchbetweeninternalandexternalpackets.We notethat
mostcrossbarswitch fabricscansupportvariable-sizepackets.
An interestingdesignissueis how to choosethe MTU for the
internalpacket,or iMTU. Therearetwo designgoals: (a) we
want to minimize the amountof buffer neededinsidethe core.
Sinceeachaccessbuffer needsto have spaceto storeat least
two internalpackets,onefor receiving from the input andone
for sendingto theoutput,a small iMTU is desirable.And (b),
sinceeachinternalpackethassomeheaderthatcontainscontrol
informationsuchasroutinginformation,therewill beadditional
speeduprequiredtoaccountfor thisheaderoverhead.Wewould
like to minimizethisspeedupoverheadwhile beingableto keep
up with the full link speedfor a wide rangeof packetsizes.
Combiningthesetwodesigngoals,wewanttofind theminimum
sizeiMTU suchthat thespeedupoverheadis minimizedwhile
theswitchis still ableto supportfull link speedsfor wide range
of packetsizes.

Given an iMTU (excluding the headerlength, which is as-
sumedto beH) the worstcasearrival patternfor the switch is
whenthe lengthof all packetsis iMTU + 1, in which casetwo
internalpacketsneedto be sentfor eachexternalpacket,with
sizes(includingheader)H + iMTU andH + 1 respectively. The
speedupneededto achieve full line speedin thiscaseis:

�L
RQ?S ' 1 ' 2k�L
RQ?S ' 1
(7)

Anotherspecialarrivalpatterniswhenthelengthof all packets
ismTU,theminimumpacketsizeallowedonthewire. Assuming�M
RQ?S c � Q?S , only oneinternalpacketof lengthiMTU + H
is neededfor eachexternal packetin this case. The speedup
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neededto achieve full line speedis:� Q?S ' k� Q?S (8)

Since lgmon i	pldmon is a lower bound for the speedupneededto
achieve full link speedfor any packetarrival patterns,if we
canchoosean �M
RQ?S suchthat�M
RQ?S ' 1 ' 2k�M
RQ?S ' 1 q

� Q?S ' k� Q?S (9)

thenwegettheminimumiMTU suchthatevenwith theminimum
speedup( ldmon i	plgmon ), theswitchcanforwardpacketsat link speed
for any packetsizes. Solving this inequality shows that the
minimumiMTU is 2mTU- 1.

We believe that thedistributedD-PFQswitcharchitectureis
relativelysimpleto implement.Suchacontrolsystemshouldbe
compatiblewith architecturessuchas[15]. In fact, thecommu-
nicationbetweenthecontrollogic andtheinputcardsis actually
reducedascomparedto typicalswitchdesgins.Becausethedata
nolongerneedsto beprovidedwith strict timing constraints,the
processcanbepipelined,thusenablinghigherspeedoperation.
The distribution of control hasnumerousotherbenefitsfor ro-
bustsystems.The priceof thesefeaturesis

� 2 buffers,where�
is numberof line cards.However, this costwill be incurred

on thecrossbarchips,whosesizeis limited by thepincount,not
by theinternalsiliconarea[19].



SessionIDs Traffic type Reservedrate Arrival rate Packetlength WFQDelaybound Bandwidth(idle on/off)
100

%
103 CBR 10Mbps 20Mbps 1250Bytes N/A 17r 9 Mbps

105
%

108 On/Off 10Mbps 10Mbps 1250Bytes 1 ms 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 r 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 II

TRAFFIC SOURCES

V. SIMULATION EXPERIMENTS

In this section,we presentsimulationexperimentsto evalu-
atethedelayandbandwidthpropertiesof theproposedD-PFQ
switch architecture.We assumea switchedEthernetenviron-
ment with packetsizesbetween64 to 1500 Bytes and a link
speedof 100Mbps. Internaloverheadsare8 Bytespervariable
sizediPkt with an iMTU of 128 Bytes. As discussedin Sec-
tion IV, to switchpacketsat full link speed,aminimumspeedup
of 64i 8

64 � 1 r 125 is needed.The speedupoverheadof 12.5%
is a directconsequenceof the internalpacketheaderoverhead.
Keepingwith conventionto stateinternalspeedupwith respect
to the amountof external bandwidththat can passinternally,
we refer to this asa 1.0x speedup.To reducethe input/output
contentionto/from the switchcore,additionalspeedupmaybe
needed.

All experimentswereperformedusinga4x4 switcharchitec-
ture as illustratedin Figure3. For simplicity, we setup three
sessiongroups,labeledas “A”, “B”, and “C”. Eachinput and
outputcardreceivessessionsfrom all groups.For example,the
block “B-3” at input card1 in theFigurerepresentthe session
groupB destinedfor output3. The net effect is that for given
any input/output cardandany sessionin thesessiongroups,the
sessiontraversesthecardexactly once. In theFigure,we only
depictsthesessionsthataredestinedto theoutputcard1. Table
II liststhesourcecharacteristicsof thesessions.Ascanbeeasily
verified, the sumof the reserved ratesfor all sessionsin three
traffic groupsis 100Mbps. MostsessionsareCBRsourcesthat
transmitaccordingto theirreservedrates.Theexceptionsare(a)
sessions100-103,whichareCBRsourcesthathaveareservation
of 10Mbps,but transmitatahigherrateof 20Mbps,(b) sessions
105-108,whichareon-off sourceswith anon/off periodof 1 sec-
ondandthattransmitatareservedrateof 10Mbpsduringtheon
period,and(c) sessions120-124,whicharePoissonsourcesthat
transmitat an averagerateof 6 Mbps, muchhigherthantheir
reservedrateof 2 Mbps.

An observingreadermay notice that the sum of the rates
arrivingataninputcardis actuallyhigherthan100Mbps,which
is impossiblein a switchwith a link speedof 100Mbps. In the
simulation,we setthe input link speedto be200Mbpsandthe
output link speedto be 100 Mbps. The reasonwe setup the
experimentthis way is to createa scenarioin which all output
links beingobservedareoverloaded.This setupcanbeviewed
asanemulationof an8x8switchin whichonly fouroutputcards

areoverloaded.
For eachsession,TableII alsoliststhedelayboundthatcould

beprovidedby WFQin anoutputbufferedswitch,andtheband-
width that the sessionshouldideally achieve when the on-off
sourcesarenot transmitting.Whentheon-off sourcesaretrans-
mitting, the output link hasthe entirecapacityreserved by the
membersessions,andeachsessionshouldideally receive the
serviceof its reservedrate.

For all theexperiments,weevaluatethedelayandbandwidth
performanceprovidedbytheproposedD-PFQsystem.Fordelay
performance,we plot delaydistributionsof source-constrained
sessionsin thepresenceof burstyandoverloadingcrosstraffic.
In particular, wechoosethreesessions:105,which is anon-off
sourcewith 1 secondon/off period and transmitsat a rate of
10 Mbps during the on period, 110 and 130, which areCBR
sourcesthat transmitat1 Mbpsand100Kbpsrespectively. For
bandwidthperformance,weplotbandwidthdistributionof bursty
andunconstrainedsessionsin thepresenceof on-off sources.In
thiscase,wechoosethreesessions:100,whichis aCBRsource
with areservationof 10Mbpsbut transmittingat20Mbps,105,
which is an on/off source,and120, which is a Poissonsource
with areservedrateof 2 Mbpsbut transmittingatanaveragerate
of 6 Mbps. In bandwidthdistributionFigures,thebandwidthis
averagedover non-overlappingtime intervalsof 10ms.

We evaluatethe performanceof our systemusing four dif-
ferent typesof PacketFair Queueingalgorithms: WF2Q [4],
WF2Q+ [3], SCFQ[9], andSFQ[10]. WF2Q usesthe system
virtual time functionof GPS,which requiresemulationof GPS,
andthe SEFFpacketselectionpolicy. It hasbeenshown that
WF2Q is themostaccuratepacketapproximationalgorithmof
GPS.The otherthreealgorithmsusesystemvirtual time func-
tions that arecomputedsolelybasedon the statein the packet
system(self-clocked)without emulatingthe fluid GPSsystem.
While thesealgorithmsprovidedelayboundsandfairnesssimi-
lar to thoseprovidedby GPS,theirsystemvirtual timefunctions
maydeviatefromtheidealGPSvirtual timefunctionoverashort
time interval.

The first setof experimentswererun usinga 1.0x speedup.
Figures4 and5 show thedelayandbandwidthdistributions.As
canbeenseen,only D-WF2Q performswell in this case.This
is becausetheaccuracy of thevirtual timesat theinput cardsis
critical with a low speed-up.

Thesecondsetof experimentswererunusinga1.25xspeedup.
Figures6 and7 show thedelayandbandwidthdistributions.As
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Fig. 4. Delayplotsw/ 1.0xspeedup

canbeenseen,all foursystemsperformreasonablywell. Packets
of session110experiencehigherdelayin aD-SCFQsystemthan
in D-WF2Q andD-WF2Q+ systems.This is becauseevenwith
a standalonePFQsystem,SCFQprovidesa higherdelaybound
thanWF2Q andWF2Q+. D-SFQprovideslowerdelayfor lower
rate sessions110 and 130 while higher delay for higher rate
session105 comparedto the other algorithms. Again, this is
consistentwith thecaseof standalonePFQservers.

In summary, with no speedup,for D-PFQ to achieve good
performanceit is critical for the componentPFQ algorithms
to have accuratevirtual time functions. With modestspeedup,
the proposedD-PFQarchitecturecan closelyapproximatethe
performanceof anoutputbufferedswitch that implementsany
of thePacketFair Queueingalgorithmsdiscussedhere.

VI. RELATED WORK

Theseparationof switchschedulingfromdataforwardingwas
proposedbyAndersonetal[1]. With theobjectiveof highsystem
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Fig. 5. Bandwidthplotsw/ 1.0xspeedup

throughput,they proposedParallel Iterative Matching(PIM) to
quickly pair inputsandoutputsusinga sequenceof grantsand
acknowledgements.Their crossbaris bufferless,thusrequiring
the matchingto be synchronizedin time. A static scheduling
tableis usedto supportCBR traffic.

A discussionof the benefitsof using a switch core similar
to ourswith input, output,andinternalbufferingmaybefound
in [5]. We believe our techniquescanbe easilyaugmentedto
suchanarchitectureto enableit to provideQoSguarantees.

Lund,Phillips,andReingoldproposeda mechanismfor pro-
viding per-VC fairnessin [12]. Theirsystememploysbothinput
andoutputbufferingwith a speedupof approximately20%in a
crossbarswitchusingaderivativeof PIM for performingmatch-
ing. The resultingsystemclosely approximatesa prioritized
round robin. Conceptually, FARR is the closestto our work
in that it usesa timestampinsteadof a weight for scheduling
amongthe input nodes.However, the natureof the timestamp
comparisondictatesthesystembesynchronized,andbandwidth
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guaranteesarenot provided. In addition, it is designedsolely
for ATM.

StilliadisandVermaproposedaschemeto providebandwidth
guaranteesin an input buffered crossbarswitch [20]. Their
systememploysavariantof PIM calledWPIM (WeightedProb-
abilistic IterativeMatching)thatattemptsto performamaximal
matchwith the selectionprobability weightedby the sum of
bandwidthreservationsbetweentheline cards.While a mecha-
nismusinga staticweightassignmentshouldbeableto provide
minimum bandwidthallocation,the effectsof a conflict in the
matchingarenot clear. Furthermore,thedistributionof excess
bandwidthis dependenton the input card when it is not the
bottleneck.

A survey on switchdesignissuesmaybefoundin [2]. Hop-
by-hop flow control algorithms,suchas the one we employ,
needto pay carefulattentionto detailsof synchronizationand
loss.Theseissuesandtheirsolutionsaredescribedin [18]. The
issueof performingmulticastin inputbufferedswitcheshasbeen
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studiedin [22], [16].

VII. CONCLUSION

We have presentedthedesignof a switchthatcanbothscale
to highswitchingcapacityandprovideadvancedQoS.We have
madeseveral contributionsin this paper. First, we have devel-
opedmechanismsthatenabletheconstructionof ahighcapacity
switchwithout a centralarbiterto betolerantof relatively high
internallatency. Thesemechanismsenablebothhighersystem
throughput,and the use of variable sizedpacketsinternal to
theswitchcore. Theresultingreductionsin bothfragmentation
andinternaloverheadmakespossiblefor theswitch to support
full link speedfor a wide rangeof packetsizeswhile running
at a modestspeedup.Secondly, we proposetechniquesto use
multipleFair Queueingserversdistributedamonginputandout-
put cardsto approximatetheserviceof a singleFair Queueing
server at the outputport. The key is to ensurethat the virtual
timesof thesetof distributedFair Queueingserversadvancein



unison. However, no globalsynchronizationis required,asthe
corearbitersoperateonthegrowthof thecomponentvirtual time
functions,s not their actualvalues. Resultsfrom simulationex-
perimentsarepresentedto demonstratethattheresultingsystem
providesservicethat closelyapproximatesan output buffered
switchemployingFair Queueingwith modestspeedup.
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