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Abstract—Input-Output buffered crossbarsare popular building blocks
for scalablehigh-speedswitching becausethey require minimum speed-up
of memory bandwidth. Scalingthe designof crossbarswitchesto largeca-
pacities is limited by technologyissuessuchasthe reconfiguration of high-
speedfabrics or power consumption. In addition, when crossbararchitec-
tur esare usedin the context of IP networks where packets are of variable
size, they typically scheduleand transfer fixed size envelopes. Incoming
packets are fragmented into envelopesand this fragmentation can lead to,
possibly large [1], lossof bandwidth and instability. This paper proposesa
newmethodfor switching variable sizedpacketsover a crossbarswitch that
i) allowsmaximum utilization of switch bandwidth and avoidsthe fragmen-
tation effect,and ii) allowsdesignersto usemuch larger envelopesfor trans-
fering data over the fabric that minimizes the reconfiguration fr equencyof
the fabric. Reducing the scheduling fr equencymakes implementation of
complexschedulerspractical and enablesus to build ultra-fast switchesin-
corporating optical technologythat canprovide bandwidth and delayguar-
antees.

I . INTRODUCTION

The rapid growth of the Internet is creatingan insatiable
demandfor bandwidth growth and the large scale deploy-
ment of high-speedaccesstechnologies,such as xDSL and
cablemodems,is likely to give further impetusto this trend.
The deployment of DenseWavelengthDivision Multiplexing
(DWDM) technologieshasexpandedfiber transmissioncapaci-
tiesto anextentthatelectronicroutersremainasthemainband-
width bottlenecks.Consequently, thereis needfor building even
fasterrouters. Moreover, the needto shift from a best-effort
network to oneproviding ServiceLevel Assurances(SLAs) re-
quiresroutersandswitchesthatsupporttraffic managementand
protectionmechanisms.This impliesthatswitchfabricsusedin
routersmustbeableto providebandwidthanddelayguarantees
in additionto beingfasterandfaster.

Ourmaingoalin thiswork is to show whatarethemainprob-
lems with currentdesignsof high-speedfabricsand how one
candesignschedulingalgorithmsthatcanscalethecapacityof
high-speedelectronicor even optical crossbars.We will also
show, how by usingappropriateschedulingalgorithms,we can
take advantageof recentdevelopmentsin optical technologyto
develop high-capacityoptical packet switchesbasedon opto-
electronicVLSI or DragoneRouters[9], [10], [11].

Let us considera generalmodelof a routeror switch. The
systemconsistsof a setof port cardsinter-connectedthrougha
centralswitchingfabric.As therequirementsfor bandwidthand
numberports increasedramatically, the numberof port cards
that a single switch/routermust accomodateis increasingas
well. It ismostlikely thatport-cardswill bedistributedoversev-
eral racksof equipmentandtheir interconnectionto theswitch
fabric will be either throughserial high-speedelectroniccon-
nectionslikeGigabitEthernetor opticalfiberconnections.

A crossbarbasedarchitectureof this type, requiresa cen-
tral schedulerthat controls the operationof the crossbar, by
matchinginput andoutputportsfor transmittingpackets.There
is a plethoraof bibliographyon applying this architecturein
switcheshandlingfixed size packets [7], [4], [5], [14], [22].
Somethingthatdoesnot becomeclear, however, from thehigh-
level descriptionof mostof thesearchitecturesis thecomplexity
of implementationwhenappliedto veryhighcapacityfabrics,as
well asthecommunicationoverheadrequiredbetweentheport
cardsandthescheduler.

In orderto avoid head-of-lineblocking,mostof thesearchi-
tecturesare basedon Virtual Output Queueing[7]. The cen-
tral schedulerrequiresa completeknowledgeof thestateof the
system. Or in otherwords, the schedulermustknow whether
a packet is waiting to be transmittedbetweenany pair of in-
put/outputports.Oncetheschedulerhascollectedthis statein-
formation, it will i) matchinput andoutputports, ii) program
the crossbarswitch and, iii) notify all input portsas to which
packet to transmitto whichoutputport. Thereareseveralissues
thatarisewhenonetriesto implementsuchanarchitecturein a
high-capacitycrossbar. Therateof switchingof thecrossbar(or
reconfigurationfrequency) dependson the sizeof packetsthat
areswitched.Previouswork hasassumedthatpacket sizeis set
equalto theminimumpacketsizeof thenetwork. In thecaseof
IP networksthis translatesto 40 bytes.Onecaneasilycalculate
thata switch fabric with 10Gbpsportsmustswitchevery 40ns
anda fabricwith 40Gbpsportsmustswitchevery10ns.
TechnologyIssues

Thereareseveralproblemsthatmustbesolvedin sucha de-
sign:

1. Thecommunicationbetweenport cardsandswitchfabric
mustbe donein the form of high-speedsignals. Current
technologychoicesareGigabitEthernet(PECL)or LVDS
signals. The crossbarcaneither recover the clock of the
signalandswitchit digitally, or it canbeapassiveonethat
switchesthesignalwithout modification. In thefirst case,
the centralcrossbarrequiressomelimited memoryto re-
cover thedigital signalandpossiblyswitchit overa a par-
allel path. This function increasessubtantiallythe power
consumptionof theswitchto unacceptablelevels. A Seri-
alizer/Deserializer(SERDES)device mustbeusedin both
theport cardsandtheswitchfabric.Stateof theartCMOS
technologyrequiresat least2.5 Watts of power for each
4 Gigabit-EthernetSignals[?]. This meansthat a 64x64
switch fabric at 10Gbpswill requireat least640 Wattsof
power just for theSERDESdevices.
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2. In the latter case, where the crossbaris passive, the
transmitterand reciever devicesmust be re-syncrhonized
every time the crossbaris switching. This clock re-
synchronizationoperationtakesusuallyseveral bit times.
In thecaseof mostcommontranscieversthis timecanbein
therangeof 10-20nsor evenhigher. It canbeeasilyseen
that suchan approachcan not scaleto very high-speeds
(40Gbpsor higher) wherethe crossbarmustbe switched
every10nsor less.

3. Thecentralschedulermustbe ableto syncrhonizeall the
portsaswell asthe crossbar, so that they all switchat the
sametime. Becauseof theclock skews, onemustaccount
for extra margins to avoid loosing usefull data. As the
switchingfrequency increases(i.e. 10nsor less)thisclock
skew presentsanadditionaldesignproblem.

4. Recently, several algorithmshave beenpresentedthat al-
low aninput/outputbufferedcrossbarto emulateanoutput
bufferedswitch [2], [3], [6]. Thesealgorithmsrequirea
speed-upof at leasttwo, that whenappliedto high-speed
fabricsit increasethe switchingfrequency of the crossbar
evenfarther. Therefore,for any realhigh-speeddesignthis
approachcannot beusefull.

We canseefrom the above discussion,that scalingcrossbar
switchesthatuseminimumsizepacketsastheir switchingunit
is almosttechnologicallyimpossibleor extremelyexpensive. In
addition,to the technologicalproblems,we have to considera
performanceissue.Most previousapproachesconsideronly is-
suesrelatedto the schedulingof fixedsizepackets,anddo not
addresstheproblemscausedby arriving traffic beingcomposed
of variablesizepacketswith the local packet sizedistribution
beinggenerallynot known.
Problemsdue to variable sizepackets
The incoming packet stream,in IP networks, is composedof
variablesizepackets. However, crossbarswitchesusea fixed
size unit of transfer, which we call envelope. This mismatch
betweenarrival and transferunits requirespackets to be frag-
mentedinto envelopes.A simplefragment-and-schedulepack-
ing of packetscanleadto significantlossof fabric bandwidth
whenthepacketsizein notanintegralmultipleof envelopesize.
As anexample,if thepacket sizeis 1.5 timestheenvelopesize
and we use2 envelopesto pack eachpacket, there is a 25%
wastagein fabric bandwidth. If the packet size is half of the
envelopesize,thenwe have a 50%lossof fabriccapacity. This
problemwasbriefly addressedin [1] whereit wassuggestedthat
increasedspeedupcould be usedto compensatefor this band-
width loss. If packetsarealways larger thanenvelopes,it can
beeasilyseenthatthemaximumlossof bandwidthoccurswhen
all thepacketsareof length �����
	���
 , where��� is theenvelope-
length. Then,assuggestedin [1], we could usea ������ �������

�
timesadditionalspeedupto offsetthebandwidthlosscausedby
mismatchof packetandenvelopesizes.However, this is neither
a satisfactorynora generalsolution,sinceincreasingtherecon-
figuration speedof the crossbarposesseveral implementation
problems.

Figure1 shows theaveragepacket delays,obtainedby simu-
lation, for variousenvelope-sizes.We assumea 16x16switch,
using the 16 iterationsof the iSLIP schedulingalgorithm[7].
Assumethat � � denotesthe envelope-sizeand ��� denotesthe
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Fig. 1. Delayvs. Utilization for iSLIP for variousenvelopesizes

packet size. Packet sizedistribution is basedon measurements
from [8] with 60% of the packetsbeing44 bytes,20% of the
packets552bytesandtherest1500bytes.Theminimumpacket
size is 44 bytes,denotedby ���! "��� � 
 in the figure, while the
averagepacket size is approximately436 bytes, denotedby�$#&%' "�(�)�*
 in thefigure. Packet interarrival timesareexponen-
tially distributedandtraffic is symmetricacrossall inputsand
outputs.Delay is in termsof the transmissiontime of an aver-
agesizepacketon theinput/outputlinks.

We cannoticethat contraryto theconstantsizepacket case,
for arbitrarypacketsizes,thesystemmaybecomeunstable,par-
ticularly whenthe envelopesizeis muchlarger thanthe mini-
mum packet size,asevident in Figure1. From the figure, we
seethatwhentheenvelopesizeis equalto theminimumpacket
size,we obtainalmost100%throughput,while whentheenve-
lopesizeis equalto the meanpacket sizeor larger, thesystem
becomesunstableat about50%loador evenless.It canbeeas-
ily seenthatif thespeedupis + andthelink speedis , , andall the
packetsareof the samelength � � , the maximumload that can
besupportedis - �/.��� , , for �0�213� � , and - �/.465 .5 �87 ��� , for �0�:9�� � .
Envelopesizechoiceand tradeoffs
To reducethe bandwidthlossdueto fragmentation,especially
whenthepacket sizedistribution is bimodalbetweensmalland
large packets as is often the case,the envelopesize must be
matchedto thepredominantsmallpacketsize.For IP networks,
which have a large numberof small packets due to TCP ac-
knowledgments[8], theoptimalenvelopesizewill be40 or 64
bytes(for Ethernetinterfaces).However, for a very fastswitch
fabric,aswe discussedearlier, suchsmallenvelopesizesresult
in almostimpracticallyhighschedulingandcrossbarreconfigu-
rationfrequencies.

However, we caneasilynoticethat if theenvelopesizewere
16timeslarger, i.e. 1K bytes,thenwehave640ns(or 320nswith
two times speed-up)for schedulingandreconfiguration.This
makesit far morepracticalto implementsophisticatedschedul-
ing without pushingtechnologylimits. Theproblemwith large
envelopesizesis the bandwidthlossevident from Figure1. If
anenvelopepackingandschedulingschemeweredevelopedto
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Fig. 2. A schemefor achieving 100%throughputin input queuedswitchesfor
variablepacket sizes

permit the useof large envelopeswithout bandwidthlossand
without any practicallysignificantdegradationin QoSguaran-
tees,thena majorconstraintin thedesignof very-fastcrossbar
switch fabricswould be removed. This is the key problemad-
dressedin thepaper.
Our approach
Basedon the above discussion,what we would like to have in
ultra-fastcrossbarsis thefollowing:

1. Reconfigurationfrequency that is independentof the
switch bandwidthandsaficientlylong to allow the useof
efficient schedulingalgorithmsandadvancedtransmission
technology.

2. Efficientbandwidthmanagementfor variablesizepackets,
without bandwidthlossandwith QoSguarantees.

3. Powerandspaceefficiency.

I I . ACHIEVING MAXIMUM THROUGHPUT WITH LARGE

ENVELOPES

In thissection,weoutlinethebasicideaof how wecanavoid
theproblemof bandwidthlossdueto thesizemismatchbetween
envelopesand packets, as describedin the last section. This
techniqueallowsusto build fabricsthatswitchlargeenvelopes,
andthey canthususepassiveor opticalcrossbars.As described
earlier, useof passive or opticalcrossbarsresultsto lower com-
plexity, highercapacityandlower power consumption.We de-
veloptheseideasfurtherin thenext sectionto designalgorithms
thatcanprovidebandwidthanddelayguarantees.

Notethatlossof bandwidthoccurswhensomepartiallyfilled
envelopesaretransferredover the fabric. Thesecorrespondto
the last fragmentof a packet. Thefirst stepto prevent this loss
thenis to allow thepackingof multiplepacketsinto anenvelope.
This may require that a packet be fragmentedat an arbitrary
positionto packinto anenvelopeandweassumethisfor therest
of thepaper. Thus,if � � = 1.5�0� , thenwe canfit 2 packetsin 3
envelopes,andif � � = 0.5��� , wecanfit 2 packetsin 1 envelope.

We canavoid lossof fabric bandwidthby usingthe scheme
shown in Figure2. Here,packetsarrive to the shaperandfill
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Fig. 3. Delayvs. utilizationplot for theschemeshown in Fig 2

envelopes.Partially filled envelopeswait at theshaperuntil the
arrival of packets that completelyfill them. Filled envelopes
becomeeligible for transferacrossthe fabric and are queued
at the switch input portstill the schedulermakesthemeligible
for transfer. Thusall theenvelopesscheduledacrosstheswitch
are full envelopes. Figure 3 shows the avg delayvs. utiliza-
tion plots for this schemefor variousenvelopesizes,whenthe
fabricscheduleris iSLIP [7], andall otherconditionsaresimi-
lar to thosefor Figure1. As expected,theschemegives100%
throughputfor all thecases.

However, this simpleapproachhasan obvious drawback: a
packet mayhave to wait for a very long time (evenfor ever) in
theshaperfor thecorrespondingenvelopeto befilled. This ex-
plainsthehighdelaysseenin Figure3 at low loads(underheavy
load,mostenvelopesareimmediatelyfilled up,andthusdo not
needto wait at the shaperfor long). Whena particularport is
lightly loadedwe needto releasepartially filled-envelopesto
preventdelayaccumulation.However, thesepartially filled en-
velopesusebandwidththatcanbeusedby otherheavily loaded
portsandin generalcauseunnecessaryinstability. Considerthe
situationwhereonly two input portshave traffic destinedto the
sameoutputport. Assumethatportoneis loaded100%andthat
port two is lightly loaded( lessthan25%).A fair schedulerlike
iSLIP or PIM givesequalopportunityto both ports. Sinceen-
velopesfrom thelightly loadedport areonly partially full there
is a large lossof capacitythat could have beenutilized by the
loadedport.

A possibleschemefor preventingdelayaccumulationis to in-
corporatea time-outfor partiallyfilled envelopes.Expirationof
this timer causestheshaperto releasepartially filled envelopes.
An intelligentsettingof this timer is possibleif thesecond-order
statisticsof the traffic is known. Without traffic assumptions,
adaptivemechanismsareneededto configurethetime-outvalue
and it is not clearhow this canbe done. The main drawback
of this mechanismis thatit cannot guaranteestability underall
traffic patterns.

An alternative methodto preventdelayaccumulations,with-
out usingtimeouts,is to use“excessbandwidth”to servicepar-
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tially filled envelopes,i.e., whenno switch input port hascom-
pletelyfilled envelopesthentheswitchbandwidthis usedto ser-
vicepartiallyfilled envelopeswaitingattheshapers.Weusethis
idealaterin thepaperto reduceaveragedelays.

I I I . ACHIEVING BANDWIDTH AND DELAY GUARANTEES

In this section,we first describea switch architecturethat
canprovide delayandbandwidthguaranteesto the individual
flows. We then derive a schedulingmodel for this switch ar-
chitectureanduseit to prove delayboundsfor individual flows
asa functionof theschedulerpropertiessuchasservicebursti-
ness,andworst-casefairnessindex. Our goal in proving these
boundsis to identify propertiesthattheindividualschedulersin
our switch architecturemustsatisfyso asto enablethe switch
to providegooddelayboundsdespiteusinglargeenvelopes.We
do not give a specificchoiceof schedulersin this section.Spe-
cific schedulerchoicessoasto achieve delayboundsindepen-
dent of the numberof switch ports are given in the next sec-
tion. Sinceproviding delayguaranteesrequiresthatflows have
boundedburstiness,we will assumethatflows areleaky-bucket
constrained,althougha differentmeasureof burstinesscanbe
usedaswell.

A. Switch Architecture for Bandwidth and Delay Guarantees

Figure4 shows thebasicarchitechturethatwe consider. The
switch hasa crossbarfabric,anddoesvirtual outputqueueing.
For eachinput-outputpair ���EDGFH
 , there is a dedicatedpacket-
schedulerI)JLK=M N�O (thusfor a PRQSP switch,therewill be P � such
schedulers).TheschedulerITJUK=M N�O maintainsseparatequeuesfor
eachindividual flow betweeninput � and output F , wherethe
packets of the flow are buffered on arrival. When the cross-
bar arbiterallots a slot for the transferof an envelopeof �=�EDGFH

acrosstheswitchfabric,thentheschedulerITJLK�M N�O is responsible
for schedulingan envelope-lengthof packetsacrossthe switch
in that slot, choosingpackets from the flows betweeninput �
and output F . Multiple packetscan be transferredin a single
envelope-slot,to reducebandwidthwastage. The P � virtual
output queues(VOQs) of the switch do not buffer real pack-
ets,but areusedto buffer dummy envelopes.Thesedummyen-
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Fig. 5. Schedulingmodelof thearchitecture.Thetwo-level hierarchicalsched-
uler modelsthetransmissionof thepacketsover theswitchfabric. Theout-
put packet schedulermodelsthe transmissionof the packetson the output
links, afterreassembly.

velopes,eachof length � � , arejust logicalentitieswhicharein-
sertedinto theVOQsin suchaway thatwhenevertheschedulerITJLK�M N�O is backloggedwith packets, the VOQ for ���EDGFH
 also re-
mainsbackloggedwith thesedummyenvelopes.Thusthepres-
enceof adummyenvelopein theVOQfor �=�EDGFH
 indicates,to the
crossbararbiter, thattherearesomepacketsbetweeninput � and
output F waiting to bescheduledacrossthecrossbarfabric.The
crossbararbitermakesits schedulingdecisionsbasedon these
dummyenvelopes.Now let thecrossbararbiterdecideto trans-
fer a dummyenvelopeof �=�EDGFH
 during the interval d efDge�	ihj ��k ,
where hj � is thelengthof a slot requiredto transferanenvelope
of length ��� acrossthe crossbar(if the crossbarhasa speedup
of + , andtheinput/outputlink-speedis , , then hj �0lm� �-on ). Then,
insteadof transferringthedummyenvelopein its scheduledslot,
the schedulerITJUK=M N�O is usedto transferreal packetsin that slot.
Notethat ITJLK�M N�O servesat a constantrate +p, duringthatslot,and
hencecantransferpacketsuptoa total lengthof � � during the
slot. However, the slot may not be utilized completely, if all
the queuesat ITJLK�M N�O remainemptyfor someinterval during the
slot. Note that in theprocessof transferringpacketsacrossthe
switch fabric, the packetscanbe fragmented.Therefore,after
anentirepacket hasbeentransferred,it is reassembled(the re-
assemblybuffersarenot shown in thefigure),andplacedin the
per-flow queuesat thecorrespondingoutput.Theoutputpacket
scheduler, qI N (thereare P of them,onefor eachoutput),is re-
sponsiblefor schedulingthepacketsof flowsdestinedfor outputF , from theper-flow queuesat theoutputontotheoutputlink.

B. Scheduling Model for Switch Architecture

An abstractmodelof theoverallswitchschedulingsystem,as
seenby the packetsof a flow  betweeninput � andoutput F ,
is shown in Figure5. Herethecrossbaris modeledasa single
server I . The server is associatedwith P � envelope-queues,
andservesup to maximumof P envelopesat the sametime.
During the time whenan envelopeof ���EDGFH
 is beingserved byI , theserver ITJLK�M N�O servespacketsof flowsgoingfrom input � to
output F .

As mentionedbefore, whenever ITJLK�M N�O is backlogged,the
envelope-queuefor �=�ED!F'
 at I remainsbackloggedtoo. How-
ever, theconverseis notnecessarilytrue.When I is “busyserv-
ing the emptyportion of an partially filled envelope”of �=�EDGFH
 ,
the envelope-queuefor ���6D!FH
 is backloggedat I , but ITJUK=M N�O is
not.
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C. Delay Analysis and Required Scheduler Properties

Basedon the above architecturewe cananalyzethe end-to-
enddelaypropertiesof a flow that goesthroughsucha switch
fabric. Interestedreadersare referredto [24] for a complete
analysis.In our analysiswe usethenotionof Worst-CaseFair-
nessIndex (WFI), that representsthe maximum time before
servingtwo packetsof agivenflow [12]. Wealsousethetheory
presentedin [13] andthenotionof theServiceBurstinessIndex
(SBI).

Assumethata flow  is leaky bucket shapedwith burstiness
parameters��rtsuDgvHsp
 . We statewithout proof thefollowing The-
orem:

Theorem 1: Thetotaldelayof apacketof flow  in theentire
switchis upper-boundedby

r�sS	xw/sy	 qw/sS	z��s M {}|f~
, s 	�� JLK�M N�O,8JLK�M N�O

where� JLK�M N�O is theWFI guaranteedto theenvelope-flow of �=�EDGFH

by theserver I , and w/s and qw/s aretheSBIsguaranteedto flow by the servers ITJLK�M N�O and qI N , respectively, and ��s M {�|�~ is the
maximumlengthof apacketof flow  .

In other words, the above theoremproves that the delay
boundsthat the switch canguaranteedependon the WFI and
SBI of the schedulers.Typically, if the schedulingalgorithms
arecorrectlyselectedthe term � JLK�M N�O will be dependenton the
envelopesize � � , while w s and qw s will be independentof � � .
Thus,typically theenvelopesizewill influencetheoveralldelay
boundonly throughtheterm � JLK�M N�O .

IV. DELAY GUARANTEES UNDER VARIOUS SWITCH

SCHEDULING ALGORITHMS

In this section,we usethe resultsfrom the previoussection,
to computepacket delayboundsfor several switch scheduling
algorithmswhich have beenshown in the literatureto provide
bandwidthguaranteesto theenvelope-traffic.

A. TDM scheduling

In [5], the authorsproposea simplemethod,similar to time
division multiplexing, for providing bandwidthguarantees.In
this method,transmissiontime is split into frames of equalsize
and an integral numberof envelopescan potentiallybe trans-
mittedduringeachframe.Bandwidthfor anaggregateflow be-
tweenaninput-outputpair is guaranteedby reservingadequate
numberof envelopesfor thatflow in eachframe(theprocedure
for computingthescheduleis in [5], [14]). A new staticsched-
ule is calculatedevery time a new flow arrivesor departsfrom
theswitch. If an input-outputpair hasno envelopesto transmit
during its assignedslot in the frame, then the idle capacityis
givento otherportsusinganiterativematchingalgorithm.

Treatingtheswitchasaserver, it is easyto show thattheWFI
guaranteedby theswitchto theflowsis 2� ( � is theframesize)
[17]. Corollary1, givesthedelayboundon a packet by replac-
ing � JLK=M N�O by 2� and w s by the appropriateSBI of the packet
schedulerI)JLK=M N�O . Thusthedelayof a packet will dependon the
framesize.Theframesizeis determinedby theminimumband-
width allocationover the fabricandthe numberor fabricports
sinceevery port mustbe able to receive at leastthe minimum
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Fig. 6. Theoverallarchitectureof theswitchfor achieving bandwidthanddelay
guaranteeson thepacketsfor theoutputqueueingemulationalgorithms

bandwidth.Then,thedelayboundis of theorderof ����P�Q�� � 

where P is thenumberof portsin thefabric.

Therefore,althoughthe TDM approachprovides a mecha-
nismfor guaranteeingdelayboundsin aninput/bufferedswitch
with variablesizepackets,theseboundscanberatherlargesince
they dependboth on the numberof portsof the schedulerand
theenvelopesize(i.e. for larger, andhighercapacityfabrics,the
delayboundswill increase).Ideally, we would like to design
a schedulingalgorithm wherethe delay boundswill be inde-
pendentof the fabric sizeandwill not grow substantiallywith
increasingenvelopesize.

B. Output queueing emulator

Chuanget. al. in [2], andStoica& Zhangin [3] presented
switchschedulingalgorithmswhichcanmimic outputqueueing
switchesusingan input-outputbufferedcrossbarwith a speed-
up of 2. Thesealgorithmsapplyonly to constantsizeenvelope
switches,andin addition,they requirethatcorrespondingoutput
bufferedsystemthat they emulatemustbe monotonic (i.e. fu-
turearrivalswill notchangetheorderof transmissionof packets
alreadyin thequeues).

Our schemeextendsthis approachfor the caseof variable
size packets, as shown in Figure 6. In order to work cor-
rectly, the switch algorithmsin [2], [3] require that at most
one(dummy)envelopearrivesat eachinput of the crossbarin
asingleenvelope-time.To enforcethesecriteria,weintroducea
schedulerateachinput,asshown in Figure6, suchthatit serves
exactly one envelopeeachenvelope-time. Each input sched-
uler maintains P envelope-queues,one for eachoutput. The
envelope-queuefor �=�EDGFH
 at thecorrespondinginputscheduleris
keptbackloggedwith envelopeswhenever thepacket-schedulerITJLK�M N�O is backloggedwith packets.An envelopefor �=�EDGFH
 , onbe-
ing scheduledby an input schedulerat input � , is placedin the
queuefor �=�ED!F'
 at thecrossbarinputs.Whenthecrossbarallots
aslot for thetransmissionof aenvelopeof �=�EDGFH
 , theninsteadof
thetransferringtheenvelope,thepacket-schedulerITJUK=M N�O is used
to transferpacketsacrosstheswitchin thatslot,aswe have de-
scribedin thelastsection.

If we assumethat the schedulersITJLK�M N�O and qI N follow WFQ
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[15], theschedulersI��K follow ShapedVC [19], andtheschedul-
ing algorithmthat the crossbaremulatesis WFQ, thenwe can
deriveanddelayboundfor any leaky-bucketshapedflow thatis
independentof thesizeof theswitch P [24].

Corollary 1: If the packets achedulersat the input and the
output follow WFQ, the input schedulersfollow ShapedVC,
andthecrossbaremulatesWFQ,thenthetotaldelayof apacket
of flow  in thesystemis upper-boundedby

r s 	��}JLK�M N�O!M {}|f~:	�� N6M {�|�~ 	�� s M {�|�~
, s 	�� ���,�JLK=M N�O

Thedelayboundis independentof P , andtheenvelope-size
affectsthedelayboundonly throughtheterm �E���n��_�=� �G� . Note, r�s��
��s M {�|�~ , where ��s M {}|f~ is themaximumpacket sizefor flow  .
Let ��s M {}|f~ l �}JLK�M N�O!M {}|f~ l � N�M {}|f~ l � � . Let us assume
that100flowsof equalratearemultiplexedbetweeninput � and
output F . Thus ,�JLK�M N�O l �&����, s . Thusthe term �E���n6�_��� �(� becomes
comparableto the othersin the delayboundonly when � � is
equalto �o����Q�� � or more.Thuswecanincrease�0� (andhence
reducetheschedulingfrequency) considerably, comparedto the
maximumpacketsize,withoutaffectingtheoveralldelaybound
significantly. Also, � � canbe madefairly large, still keeping
the delay boundon a packet of the sameorder of magnitude
as �o�o�n � 	 � �(� �����n 
 , the delayboundfor a packet of flow  in a
completelyoutput-bufferedsystem.

V. CONCLUSIONS

Weobservethatfastschedulingis akey constraintwhichlim-
its the scalability of crossbarswitcheswhich otherwisehave
appealingproperties. We also observe that althoughoptical
switcheshave excellentpropertiesin termsof power consump-
tion and spacerequirements,they have long re-configuration
times. In order for this technologyto be useful, the schedul-
ing algorithmsusedmustaccountfor aslow reconfigurationfre-
quency. We alsonotethatsomeof therecentlyproposedfabric
schedulersdo not satisfactorily take into accountthe fact that
arriving packetscanbeof variablesizesandsocausebandwidth
loss in the fabric. Motivatedby theseobservations,we pro-
poseschemeswheretheschedulingdecisionsof thecrossbarcan
be reducedconsiderably, yet maintainingdelayandbandwidth
guarantees,which for all practicalpurposes,arealmostsimilar
to thatof outputqueuedswitches.Sinceslowing down thefre-
quency of schedulingdecisionsalsoimplies slowing down the
reconfigurationfrequency, ourschemesenabletheuseof switch
fabricsincorporatingopticaltechnology.
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