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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 large ca-
pacitiesis limited by technologyissuessuchasthe reconfiguration of high-
speedfabrics or power consumption. In addition, when crossbararchitec-
turesare usedin the context of IP networks where packets are of variable
size, they typically scheduleand transfer fixed size envelopes. Incoming
packets are fragmented into ervelopesand this fragmentation can lead to,
possiblylarge[1], lossof bandwidth and instability. This paper proposesa
newmethodfor switching variable sizedpacketsover a crossbarswitch that
i) allows maximum utilization of switch bandwidth and avoidsthe fragmen-
tation effect,and ii) allows designersto usemuch larger ervelopesfor trans-
fering data over the fabric that minimizes the reconfiguration frequencyof
the fabric. Reducing the scheduling frequency makes implementation of
complexschedulerspractical and enablesusto build ultra-fast switchesin-
corporating optical technologythat can provide bandwidth and delay guar-
antees.

|. INTRODUCTION

The rapid growth of the Internetis 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) technologieasexpandediber transmissiorcapaci-
tiesto anextentthatelectronicroutersremainasthemainband-
width bottlenecks Consequentlythereis needfor building even
fasterrouters. Moreover, the needto shift from a best-efort
network to oneproviding ServiceLevel Assurance¢SLAS) re-
quiresroutersandswitcheghatsupporttraffic managemerdand
protectionmechanismsThisimpliesthatswitchfabricsusedin
routersmustbeableto provide bandwidthanddelayguarantees
in additionto beingfasterandfaster

Ourmaingoalin thiswork is to shav whatarethemainprob-
lems with currentdesignsof high-speedabricsand how one
candesignschedulingalgorithmsthat canscalethe capacityof
high-speecklectronicor even optical crossbars.We will also
shaw, how by usingappropriateschedulingalgorithms,we can
take advantageof recentdevelopmentsn opticaltechnologyto
develop high-capacityoptical packet switchesbasedon opto-
electronicVLSI or DragoneRouterd9], [10], [11].

Let us considera generalmodel of a routeror switch. The
systemconsistf a setof port cardsinter-connectedhrougha
centralswitchingfabric. As therequirement$or bandwidthand
numberports increasedramatically the numberof port cards
that a single switch/routermust accomodatas increasingas
well. It ismostlik ely thatport-cardswill bedistributedoversev-
eralracksof equipmentandtheir interconnectiorto the switch
fabric will be eitherthroughserial high-speedelectroniccon-
nectiondik e GigabitEthernetor opticalfiber connections.
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A crossbarbasedarchitectureof this type, requiresa cen-
tral schedulerthat controlsthe operationof the crossbar by
matchinginput andoutputportsfor transmittingpaclets. There
is a plethoraof bibliography on applying this architecturein
switcheshandling fixed size paclets [7], [4], [5], [14], [22].
Somethinghatdoesnot becomeclear however, from the high-
level descriptiorof mostof thesearchitecturess thecomplexity
of implementatiorwhenappliedto very high capacityfabrics as
well asthe communicatioroverheadrequiredbetweerthe port
cardsandthe scheduler

In orderto avoid head-of-lineblocking, mostof thesearchi-
tecturesare basedon Virtual Output Queueing[7]. The cen-
tral schedulerequiresa completeknowledgeof the stateof the
system. Or in otherwords, the schedulemustknow whether
a paclet is waiting to be transmittedbetweenary pair of in-
put/outputports. Oncethe schedulehascollectedthis statein-
formation, it will i) matchinput and outputports,ii) program
the crossbarswitch and, iii) notify all input portsasto which
pacletto transmitto which outputport. Thereareseveralissues
thatarisewhenonetriesto implementsuchanarchitecturen a
high-capacitycrossbarTherateof switchingof the crossbafor
reconfiguratiorfrequeng) dependon the size of pacletsthat
areswitched.Previouswork hasassumedhatpaclet sizeis set
equalto the minimum pacletsizeof the network. In the caseof
IP networksthis translatego 40 bytes.Onecaneasilycalculate
thata switch fabric with 10Gbpsports mustswitch every 40ns
andafabricwith 40Gbpsportsmustswitchevery 10ns.
Technologylssues

Thereareseveral problemsthatmustbe solvedin sucha de-

sign:

1. Thecommunicatiorbetweerport cardsandswitchfabric
mustbe donein the form of high-speedsignals. Current
technologychoicesare GigabitEthernet(PECL) or LVDS
signals. The crossbarcan eitherrecover the clock of the
signalandswitchit digitally, or it canbe a passie onethat
switchesthe signalwithout modification. In thefirst case,
the centralcrossbarequiressomelimited memoryto re-
cover the digital signalandpossiblyswitchit overaa par
allel path. This functionincreasesubtantiallythe power
consumptiorof the switchto unacceptabléevels. A Seri-
alizer/Deserialize(SERDES)evice mustbe usedin both
theport cardsandthe switchfabric. Stateof theart CMOS
technologyrequiresat least2.5 Watts of power for each
4 Gigabit-EtherneSignals[?]. This meansthat a 64x64
switch fabric at 10Gbpswill requireat least640 Watts of
power justfor the SERDESdevices.



2. In the latter case, where the crossbaris passve, the
transmitterand reciever devices must be re-syncrhonized
every time the crossbaris switching. This clock re-
synchronizatioroperationtakes usually several bit times.
In thecaseof mostcommontranscieersthistime canbein
therangeof 10-20nsor evenhigher It canbe easilyseen
that suchan approachcan not scaleto very high-speeds
(40Gbpsor higher) wherethe crossbamustbe switched
every 10nsor less.

3. The centralschedulemustbe ableto syncrhonizeall the
portsaswell asthe crossbarsothatthey all switch at the
sametime. Becausef the clock skews, onemustaccount
for extra mamgins to avoid loosing usefull data. As the
switchingfrequeng increasegi.e. 10 nsor less)this clock
skew present@nadditionaldesignproblem.

4. Recently several algorithmshave beenpresentedhat al-
low aninput/outputbufferedcrossbato emulateanoutput
buffered switch [2], [3], [6]. Thesealgorithmsrequirea
speed-upf at leasttwo, thatwhenappliedto high-speed
fabricsit increasethe switchingfrequeng of the crossbar
evenfarther Thereforefor ary realhigh-speediesignthis
approactcannot be usefull.

We canseefrom the above discussionthat scalingcrossbar
switchesthat useminimum size packetsastheir switchingunit
is almosttechnologicallyimpossibleor extremelyexpensve. In
addition, to the technologicalproblemswe have to considera
performanceassue.Most previousapproachesonsideronly is-
suesrelatedto the schedulingof fixed size packets,anddo not
addresshe problemscausedy arriving traffic beingcomposed
of variablesize packets with the local paclet size distribution
beinggenerallynot known.

Problemsdue to variable sizepackets

The incoming paclet stream,in IP networks, is composedf

variablesize paclets. However, crossbarswitchesusea fixed

size unit of transfer which we call envelope. This mismatch
betweenarrival and transferunits requirespacletsto be frag-

mentedinto ernvelopes.A simplefragment-and-schedufgack-
ing of paclketscanleadto significantloss of fabric bandwidth
whenthe pacletsizein notanintegral multiple of ervelopesize.
As anexample,if the pacletsizeis 1.5timesthe ervelopesize
and we use 2 ervelopesto pack eachpaclet, thereis a 25%
wastagein fabric bandwidth. If the paclet sizeis half of the
ervelopesize,thenwe have a 50%lossof fabriccapacity This

problemwasbriefly addresseth [1] whereit wassuggestethat
increasedspeedupcould be usedto compensatdor this band-
width loss. If pacletsarealwayslargerthanervelopes,it can
beeasilyseernthatthe maximumlossof bandwidthoccurswhen
all thepacletsareof length(L. + 1), whereL, is theervelope-
length. Then, assuggestedn [1], we could usea LZL ~ 2

timesadditionalspeedufto offsetthe bandwidthlosscausedy

mismatchof packetandernvelopesizes.However, thisis neither
asatishctorynoragenerakolution,sinceincreasingherecon-
figuration speedof the crossbarposesseveral implementation
problems.

Figurel showvs the averagepaclet delays,obtainedby simu-
lation, for variouservelope-sizesWe assumea 16x16 switch,
using the 16 iterationsof the iSLIP schedulingalgorithm[7].
Assumethat L. denotesthe ervelope-sizeand L,, denoteshe
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Fig. 1. Delayvs. Utilization for iSLIP for variouservelopesizes

paclet size. Packet size distribution is basedon measurements
from [8] with 60% of the pacletsbeing 44 bytes,20% of the
paclets552bytesandtherest1500bytes. Theminimumpaclet
sizeis 44 bytes,denotedby min(L,) in the figure, while the
averagepacket size is approximately436 bytes, denotedby
mean(L,) in thefigure. Packetinterarrival timesareexponen-
tially distributed andtraffic is symmetricacrossall inputsand
outputs. Delay s in termsof the transmissiortime of anaver
agesizepacleton theinput/outputlinks.

We cannoticethat contraryto the constantsize paclet case,
for arbitrarypacletsizes the systenmaybecomeunstablepar
ticularly whenthe ervelopesizeis muchlarger thanthe mini-
mum paclet size,asevidentin Figure1l. Fromthe figure, we
seethatwhenthe ernvelopesizeis equalto the minimum paclet
size,we obtainalmost100%throughputwhile whenthe erve-
lope sizeis equalto the meanpaclet sizeor larger, the system
becomesinstableat about50%loador evenless.It canbeeas-
ily seerthatif thespeeduyis x andthelink speeds r, andall the
pacletsareof the samelength L,,, the maximumload thatcan

besupporteds RLL:T' for L. > L,, and L’;LP rfor L, < L,.
L

[£21Le

Envelopesizechoiceand tradeoffs

To reducethe bandwidthloss dueto fragmentationgspecially
whenthe paclet sizedistribution is bimodalbetweersmalland
large paclets as is often the case,the ervelope size must be
matchedo the predominansmallpacletsize. For IP networks,
which have a large numberof small paclets dueto TCP ac-
knowledgmentd8], the optimal ervelopesizewill be 40 or 64
bytes(for Ethernetinterfaces).However, for a very fastswitch
fabric,aswe discussectarlier suchsmall ervelopesizesresult
in almostimpracticallyhigh schedulingandcrossbareconfigu-
rationfrequencies.

However, we caneasilynoticethatif the ervelopesizewere
16timeslarger,i.e. 1K bytes thenwe have 640ng(or 320nswith
two times speed-up¥or schedulingand reconfiguration. This
malesit far morepracticalto implementsophisticatedgchedul-
ing without pushingtechnologylimits. The problemwith large
ernvelopesizesis the bandwidthlossevident from Figure1. If
anervelopepackingandschedulingschemeaveredevelopedto
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permit the useof large ervelopeswithout bandwidthloss and
without ary practically significantdegradationin QoS guaran-
tees,thena major constraintin the designof very-fastcrossbar
switch fabricswould be removed. This is the key problemad-
dressedn thepaper

Our approach

Basedon the above discussionwhat we would like to have in
ultra-fastcrossbarss thefollowing:

1. Reconfigurationfrequeng that is independentof the
switch bandwidthand saficientlylong to allow the useof
efficient schedulingalgorithmsandadvancedransmission
technology

2. Efficientbandwidthmanagemerfor variablesizepaclets,
without bandwidthlossandwith QoSguarantees.

3. Powerandspaceefficiengy.

Il. ACHIEVING MAXIMUM THROUGHPUT WITH LARGE
ENVELOPES

In this sectionwe outlinethe basicideaof how we canavoid
the problemof bandwidthlossdueto thesizemismatchbetween
ervelopesand paclets, as describedin the last section. This
techniqueallows usto build fabricsthatswitchlarge ervelopes,
andthey canthususepassve or optical crossbarsAs described
earlier useof passve or optical crossbharsesultsto lower com-
plexity, highercapacityandlower power consumption.We de-
velopthesddeasfurtherin thenext sectionto designalgorithms
thatcanprovide bandwidthanddelayguarantees.

Notethatlossof bandwidthoccurswhensomepartially filled
ernvelopesaretransferredover the fabric. Thesecorrespondo
thelastfragmentof a paclket. Thefirst stepto preventthis loss
thenis to allow thepackingof multiple pacletsinto anervelope.
This may requirethat a paclet be fragmentedat an arbitrary
positionto packinto anenvelopeandwe assumehisfor therest
of thepaper Thus,if L, = 1.5L., thenwe canfit 2 pacletsin 3
envelopesandif L, = 0.5L., we canfit 2 pacletsin 1 ervelope.

We canavoid lossof fabric bandwidthby usingthe scheme
shawvn in Figure2. Here, pacletsarrive to the shaperandfill
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Fig. 3. Delayvs. utilization plot for the schemeshawn in Fig 2

ernvelopes.Partially filled ernvelopeswait at the shapemntil the
arrival of paclets that completelyfill them. Filled ervelopes
becomeeligible for transferacrossthe fabric and are queued
at the switch input portstill the schedulemakesthemeligible

for transfer Thusall the ervelopesscheduledicrosshe switch

arefull ervelopes. Figure 3 shows the avg delayvs. utiliza-

tion plots for this schemeor variouservelopesizes,whenthe
fabric scheduleiis iSLIP [7], andall otherconditionsare simi-

lar to thosefor Figure1. As expectedthe schemeagives100%
throughpufor all the cases.

However, this simple approachhasan obvious drawback: a
packet may have to wait for a very long time (evenfor ever)in
the shapeffor the correspondingnvelopeto befilled. This ex-
plainsthehigh delaysseenin Figure3 atlow loads(underheary
load, mostervelopesareimmediatelyfilled up, andthusdo not
needto wait at the shaperfor long). Whena particularport is
lightly loadedwe needto releasepartially filled-ervelopesto
preventdelayaccumulation.However, thesepartially filled en-
velopesusebandwidththatcanbe usedby otherheavily loaded
portsandin generaktausaunnecessarinstability. Considerthe
situationwhereonly two input portshave traffic destinedo the
sameoutputport. Assumethatportoneis loaded100%andthat
porttwo is lightly loaded( lessthan25%). A fair scheduletike
iSLIP or PIM givesequalopportunityto both ports. Sinceen-
velopesfrom thelightly loadedportareonly partially full there
is a large lossof capacitythat could have beenutilized by the
loadedport.

A possibleschemdor preventingdelayaccumulations to in-
corporateatime-outfor partially filled ernvelopes Expirationof
thistimer causeshe shapetto releasepartially filled ervelopes.
An intelligentsettingof thistimeris possibleaf thesecond-order
statisticsof the traffic is known. Without traffic assumptions,
adaptve mechanismareneededo configurethetime-outvalue
andit is not clearhow this canbe done. The main dravback
of this mechanisms thatit cannot guaranteestability underall
traffic patterns.

An alternatve methodto preventdelayaccumulationswith-
outusingtimeouts,is to use“excessbandwidth”to servicepar
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tially filled ervelopesj.e., whenno switchinput port hascom-
pletelyfilled ervelopeshentheswitchbandwidthis usedto ser
vice partiallyfilled ervelopeswaiting attheshapersWe usethis
idealaterin the paperto reduceaveragedelays.

I1l. ACHIEVING BANDWIDTH AND DELAY GUARANTEES

In this section,we first describea switch architecturethat
can provide delay and bandwidthguaranteeso the individual
flows. We thenderive a schedulingmodelfor this switch ar
chitectureanduseit to prove delayboundsfor individual flows
asa function of the schedulepropertiessuchasservicebursti-
ness,andworst-casdairnessndex. Our goalin proving these
boundsis to identify propertieghattheindividual schedulersn
our switch architecturemustsatisfy so asto enablethe switch
to provide gooddelayboundsdespiteusinglargeenvelopes We
do not give a specificchoiceof schedulersn this section.Spe-
cific schedulerchoicesso asto achieve delayboundsindepen-
dent of the numberof switch ports are givenin the next sec-
tion. Sinceproviding delayguaranteesequiresthatflows have
boundedburstinesswe will assumehatflows areleaky-bucket
constrainedalthougha differentmeasureof burstinesscanbe
usedaswell.

A. Switch Architecture for Bandwidth and Delay Guarantees

Figure4 shows the basicarchitechturehatwe consider The
switch hasa crossbarfabric, and doesvirtual outputqueueing.
For eachinput-outputpair (¢, j), thereis a dedicatedpaclet-
scheduleS(; ;) (thusfor a N x N switch,therewill be N? such
schedulers)The scheduleiS(; ;) maintainsseparateueuegor
eachindividual flow betweeninput ¢ and output j, wherethe
paclets of the flow are buffered on arrival. When the cross-
bar arbiterallots a slot for the transferof an ervelopeof (7, )
acrosghe switchfabric,thenthe scheduleiS; ; is responsible
for schedulingan envelope-lengthof paclketsacrossthe switch
in that slot, choosingpaclets from the flows betweeninput 4
and outputj. Multiple paclets canbe transferredin a single
envelope-slot,to reducebandwidthwastage. The N2 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. Schedulingnodelof thearchitecture Thetwo-level hierarchicakched-
uler modelsthetransmissiorof the pacletsover the switch fabric. The out-
put paclet schedulemodelsthe transmissiorof the paclets on the output
links, afterreassembly

velopesgachof length L., arejustlogical entitieswhich arein-
sertednto the VOQsin suchaway thatwheneerthe scheduler
S, is backloggedwith paclets, the VOQ for (i, j) alsore-
mainsbackloggedvith thesedummyernvelopes.Thusthe pres-
enceof adummyervelopein the VOQfor (i, j) indicatesto the
crossbaarbiter, thattherearesomepacletsbetweerinputi and
output; waiting to bescheduledcrosshecrossbafabric. The
crossbanrbiter makesits schedulingdecisionsbasedon these
dummyervelopes.Now let the crossbaarbiterdecideto trans-
fer a dummy ervelopeof (i, j) during the interval [t,¢ + T],
whereT, is thelengthof a slot requiredto transferanenvelope
of length L, acrossthe crossbar(if the crossbahasa speedup
of x, andtheinput/outputink-speeds r, thenT, = Z<). Then,
insteadof transferringhedummyernvelopein its scheduledlot,
the scheduleiS(; ;) is usedto transferreal pacletsin thatslot.
NotethatS(; ;) senesataconstantatesr duringthatslot,and
hencecantransferpacketsupto a total lengthof L. duringthe
slot. However, the slot may not be utilized completely if all
the queuesat S(; ;) remainemptyfor someinterval duringthe
slot. Notethatin the processof transferringpacletsacrosshe
switch fabric, the pacletscanbe fragmented. Therefore after
anentire paclet hasbeentransferredit is reassemblegthe re-
assemblybuffersarenot shavn in thefigure),andplacedin the
perflow queuesatthe correspondingutput. The outputpaclet
schedulerS; (thereare N of them,onefor eachoutput),is re-
sponsibldor schedulinghepacletsof flows destinedor output
7, from the perflow queuesat the outputontothe outputlink.

B. Scheduling Model for Switch Architecture

An abstractodelof the overall switchschedulingsystemas
seenby the pacletsof a flow n betweeninput s and outputj,
is shown in Figure5. Herethe crossbaiis modeledasa single
sener S. The sener is associatedvith N2 ervelope-queues,
and senesup to maximumof N ervelopesat the sametime.
During the time whenan ervelopeof (i, j) is beingsened by
S, thesener S(; ; senespacletsof flows goingfrominputi to
outputj.

As mentionedbefore, whenever S; ;) is backlogged,the
envelope-queudor (7, j) at.S remainsbackloggedoo. How-
ever, thecorverseis notnecessarilyrue. WhensS is “busyserv-
ing the empty portion of an partially filled ervelope”of (i, j),
the ervelope-queudor (i, j) is backloggedat S, but S; ;) is
not.



C. Delay Analysis and Required Scheduler Properties

Basedon the above architectureve cananalyzethe end-to-
enddelay propertiesof a flow that goesthroughsucha switch
fabric. Interestedreadersare referredto [24] for a complete
analysis.In our analysiswe usethe notion of Worst-Caserair-
nessindex (WFI), that representdhe maximumtime before
servingtwo pacletsof agivenflow [12]. We alsousethetheory
presentedhn [13] andthenotionof the ServiceBurstinessndex
(SBI).

Assumethata flow n is leaky bucket shapedwith burstiness
parameters$o,,, p,,). We statewithout proofthe following The-
orem:

Theorem 1. Thetotaldelayof apaclketof flow n in theentire
switchis upperboundedy

Op + Yo+ '?n + Ln,maw
Tn

i Q(i,4)

T(i,5)

wherea; ;) is theWFI guaranteetb theervelope-flaw of (4, 5)
by thesener S, and~y, andjn arethe SBIsguaranteedo flow
n by the senersS(; ;) and S;, respectiely, and Ly, ;. is the
maximumlengthof a paclet of flow n.

In other words, the abose theorem proves that the delay
boundsthat the switch can guarantealependon the WFI and
SBI of the schedulers.Typically, if the schedulingalgorithms
arecorrectly selectedhe term a; ;) will be dependenbn the
ervelopesize L., while v, and#, will beindependenbf L..
Thus,typically theervelopesizewill influencetheoveralldelay
boundonly throughthetermay; ;.

IV. DELAY GUARANTEES UNDER VARIOUS SWITCH
SCHEDULING ALGORITHMS

In this section,we usethe resultsfrom the previous section,
to computepaclet delay boundsfor several switch scheduling
algorithmswhich have beenshawn in the literatureto provide
bandwidthguaranteeso the ervelope-trafic.

A. TDM scheduling

In [5], the authorsproposea simple method,similar to time
division multiplexing, for providing bandwidthguaranteesin
this method transmissiortime is split into frames of equalsize
and an integral numberof ervelopescan potentially be trans-
mitted during eachframe. Bandwidthfor anaggreyateflow be-
tweenan input-outputpair is guaranteedby reservingadequate
numberof ernvelopesfor thatflow in eachframe(the procedure
for computingthe schedulas in [5], [14]). A new staticsched-
ule is calculatedevery time a new flow arrivesor departsfrom
the switch. If aninput-outputpair hasno ervelopesto transmit
during its assignedslot in the frame, thenthe idle capacityis
givento otherportsusinganiterative matchingalgorithm.

Treatingtheswitchasasener, it is easyto shav thatthe WFI
guaranteedyy theswitchto theflowsis 2F (F is theframesize)
[17]. Corollary1, givesthedelayboundon a paclet by replac-
ing a(; ;) by 2F and-~, by the appropriateSBI of the paclet
scheduleiS; ;). Thusthedelayof a pacletwill dependonthe
framesize.Theframesizeis determinedy theminimumband-
width allocationover the fabric andthe numberor fabric ports
sinceevery port mustbe ableto receve at leastthe minimum
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Fig. 6. Theoverallarchitecturef theswitchfor achieing bandwidthanddelay
guaranteesn the pacletsfor the outputqueueingemulationalgorithms

bandwidth.Then,thedelayboundis of theorderof O(N x L)
whereN is the numberof portsin thefabric.

Therefore,althoughthe TDM approachprovides a mecha-
nismfor guaranteeinglelayboundsin aninput/bufferedswitch
with variablesizepaclets,theseboundscanberatherargesince
they dependboth on the numberof portsof the schedulerand
theervelopesize(i.e. for larger, andhighercapacityfabrics,the
delay boundswill increase).ldeally, we would like to design
a schedulingalgorithm wherethe delay boundswill be inde-
pendentof the fabric sizeandwill not grow substantiallywith
increasingervelopesize.

B. Output queueing emulator

Chuanget. al. in [2], and Stoica& Zhangin [3] presented
switchschedulingalgorithmswhich canmimic outputqueueing
switchesusing aninput-outputbufferedcrossbhamwith a speed-
up of 2. Thesealgorithmsapplyonly to constansizeernvelope
switchesandin addition,they requirethatcorrespondingutput
buffered systemthat they emulatemustbe monotonic (i.e. fu-
turearrivalswill notchangeheorderof transmissiorof paclets
alreadyin the queues).

Our schemeextendsthis approachfor the caseof variable
size paclets, as shovn in Figure 6. In order to work cor
rectly, the switch algorithmsin [2], [3] require that at most
one (dummy)ervelopearrivesat eachinput of the crossbaiin
asingleernvelope-time.To enforcethesecriteria,weintroducea
scheduleateachinput,asshavn in Figure6, suchthatit senes
exactly one ervelopeeachernvelope-time. Eachinput sched-
uler maintains N ervelope-queuesone for eachoutput. The
envelope-queuéor (i, j) atthecorrespondingnputscheduleis
keptbackloggedvith ervelopeswvhenererthe paclet-scheduler
S(i,j) is backloggedvith paclets.An ervelopefor (i, j), onbe-
ing scheduledby aninput schedulemt input i, is placedin the
queuefor (7, j) atthe crossbainputs. Whenthe crossbagllots
aslotfor thetransmissiorof a ervelopeof (i, j), theninsteadof
thetransferringhe envelope the paclet-schedule§|; ;) is used
to transferpacletsacrosghe switchin thatslot, aswe have de-
scribedin thelastsection.

If we assumethatthe schedulersS(; ; and S‘j follow WFQ



[15], theschedulers? follow Shaped/C [19], andtheschedul-
ing algorithmthatthe crossbaremulatess WFQ, thenwe can
derive anddelayboundfor ary leaky-bucketshapediow thatis
independenof thesizeof theswitch NV [24].

Corollary 1: If the paclkets achedulersat the input and the
outputfollow WFQ, the input schedulerdollow ShapedVvC,
andthe crosshaemulatesVFQ, thenthetotal delayof a paclet
of flow n in the systemis upperboundedby

4L,
T(i,5)

On + L(i,j),maz + Lj,ma.z + Ln,maw +

Tn

The delayboundis independenof N, andthe ervelope-size
affectsthedelayboundonly throughtheterm . Note,o,, >

Ly maz, WhereLy, 4, is the maX|mumpaCIetS|zefor flow n.

Let Lymaz = L(i,j),maz = Ljmaz = Lp. Letusassume
that100flows of equalratearemultiplexed between'nputz' and
outputj. Thusr(; ;) = 100r,. Thustheterm 4L) becomes

comparableo the othersin the delaybound only(/ when L, is
equalto 100 x L, or more. Thuswe canincreasel. (andhence
reducetheschedulingrequeng) considerablycomparedo the
maximumpacletsize,withoutaffectingthe overalldelaybound
significantly Also, L, canbe madefairly large, still keeping
the delay boundon a paclet of the sameorder of magnitude
as( + %) the delayboundfor a paclet of flow n in a
completelyoutput hufferedsystem.

V. CONCLUSIONS

We obsenrethatfastschedulings akey constraintvhich lim-
its the scalability of crossbarswitcheswhich otherwisehave
appealingproperties. We also obsene that althoughoptical
switcheshave excellentpropertiesn termsof power consump-
tion and spacerequirementsthey have long re-configuration
times. In orderfor this technologyto be useful, the schedul-
ing algorithmsusedmustaccountor aslow reconfiguratiorire-
gueng. We alsonotethatsomeof therecentlyproposedabric
schedulersio not satishctorily take into accountthe fact that
arriving packetscanbe of variablesizesandso causebandwidth
lossin the fabric. Motivatedby theseobsenations,we pro-
poseschemesvheretheschedulinglecisionf thecrossbacan
be reducedconsiderablyyet maintainingdelay and bandwidth
guaranteeswhich for all practicalpurposesare almostsimilar
to that of outputqueuedswitches.Sinceslowing down the fre-
gueng of schedulingdecisionsalsoimplies slowing down the
reconfiguratiorfrequeng, our schemegnablethe useof switch
fabricsincorporatingopticaltechnology
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