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Abstract—We proposea rate controller for ATM switches.The rate con-
tr oller supports multiple priorities, and dual leaky bucket (GCRA) traffic
descriptors (such as VBR). While regulating each stream independently,
our rate controller requires relatively modest computation bandwidth so
that it can be implemented without any additional special-purposehard-
ware. The memory spacerequirement under reasonablecircumstancesis
closeto the most space-efficientschemes.It alsoenjoys the important ad-
vantageof being decoupledfr om the link scheduler. We analyzethe outgo-
ing traffic characteristicsof our shaperwith combination of strict priority
and WFQ link scheduler, and find the optimal shaping parameters so as
to maintain conformanceat downstreamswitches.We study the bestways
to allocate resourcesto rate controllers along the path of connection,and
demonstratethe effectivenessof aggressive and light shaping in a multiple
stagenetwork under various network loads.

I . INTRODUCTION

AsynchronousTransferMode(ATM) is considereda leading
technologyfor transportingmultimedia(includingvoice,video
anddata)over wide areanetworks. Oneof the mostchalleng-
ing problemsto solveprior to thedeploymentof ATM networks
is traffic managementandcongestioncontrol. Congestioncon-
trol is difficult in ATM networksbecauseof thehighbandwidth,
diversequalityof servicerequirements,andvarioustraffic char-
acteristics.

Oneeffective congestioncontrol techniqueis to delayearly
cells until they conformto the connection’s traffic descriptors,
which typically prescribeburstandbandwidthrestrictions.This
techniqueis looselycalledtraffic shapingor ratecontrol. Shap-
ing accommodatesvariationin traffic flow by smoothingthein-
comingcell stream.Without suchactionthe network mustre-
serve more resourcesto accommodateburstsor sessionsmay
suffer loss, or settle for a lower rate connection. In addi-
tion, a shapercan smoothtraffic traveling betweennetworks,
which may operatewith different switches,possibly at dif-
ferent link speeds. Although traffic shapingcan reducecell
loss, the smoothingfunction introducesadditional delay and
implementationcomplexity, sincethe shapermustbuffer non-
conformingcells andschedulethemfor later transmission.A
single network-accesspoint often servicesthousandsof con-
nections,with different traffic parameters,requiring efficient
shaperand scalabletechniquesfor buffering and scheduling
cells.Muchwork hasbeendoneon traffic shapingandratecon-
trol: see,e.g.,thesurvey of Zhang[10] andreferencestherein.

Thearchitectureof typicalratecontrolleris depictedin Fig.1.
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Fig. 1. Architectureof the rate controller. Incoming cells are placedin a
per-connectionbuffer until the (possiblydual) GCRA traffic regulatorde-
terminesthat they areeligible to transmission.At eachtime step,all cells
eligible for transmissionaremovedto thelink scheduler, wherethey areput
in per-priority-classbuffers.

Theratecontrollerconsistsof two modules:traffic regulatorand
priority scheduler. Eachconnectionhasa dedicatedbuffer at
theregulator, in which incomingcellsarestored.Theregulator
holdseachcell until it is eligible for transmissionaccordingto
its traffic model(in our case:GCRA-basedmodel,seebelow).
Whenacell becomeseligible, it is put in aschedulerbuffer: the
schedulermaintainsa buffer for eachpriority class. Thesched-
uler’s taskis to selectthe next cell to transmiton the outgoing
link accordingto thespecificpriority policy.

With high speedlinks and small cell size, a modernATM
switch requiresa highly efficient traffic shapingalgorithm to
processcell arrival anddepartureevery few microsecond,and,
in addition,thealgorithmshouldscaleto a largenumberof con-
nectionswith diversetraffic parametersandquality of service
requirements.

In thiswork, weproposeanalgorithmfor ratecontrolin ATM
switches.Theimportantpropertiesof thealgorithmarethefol-
lowing/ Traffic shapingbasedon ATM’s versionof leaky bucket,
calledGCRA.Thisincludestheprominentservicetypesof Con-
stantBit Rate(CBR), andVariableBit Rate(VBR), aswell as
GuaranteedFrameRate(GFR)./ Supportfor multiplepriorities.



/ Decouplingrateregulationfrom link scheduling.This al-
lows one,for example,to replacethe priority policy or mech-
anismwithout changingthe regulatorpart. It alsoallows for a
simpleanalysisof themaximumcell delay, andthebuffer space
requirement./ The computationoverheadof the regulator is low enough
to be implementedin software. In particular, the computation
dependsonly on theactualnumberof thecells transmitted,re-
gardlessof thenumberof connections. This propertymakesthe
algorithmhighly scalable.

Thedecouplingof ratecontrolfrom link schedulingforcesus
to re-calculatetheburstinessparametersof theoutgoingstream.
The problemis as follows. After being shaped,the rate con-
troller passesthe cells to the link scheduler. The link schedul-
ing taskis to resolve conflictsbetweencompetingconnections.
Conflictsoccurwhenmultiplecells,from differentconnections,
becomeeligible for transmissionduringthesametimeslot. De-
pendingon how the schedulerarbitratesamongstcompeting
cells, the burstinessof the connectionmay increase,thus vi-
olating the expectationsof downstreamnodesin the network,
possiblyincreasingcell lossratesandend-to-enddelay. In this
work, weanalyzetheinfluenceof two basiclink schedulingdis-
ciplines (priority andweightedfair queuing)andderive exact
expressionsfor theshapingrequiredby theratecontrollersoas
to guaranteethat the streamleaving the switch conformsto a
givendescription.

We concludewith simulationresults.We evaluatetheperfor-
manceof theGCRA shapingin a simplelinearnetwork, where
in eachswitch,severalconnectionsaremultiplexedinto theout-
put link with variousinput andshapingparameters.We study
thebestwaysto allocateresourcesto ratecontrollersalongthe
pathof connection,anddemonstratetheeffectivenessof aggres-
siveandlight shapingin amultiplestagenetwork undervarious
network loadsin termsof network buffer space,cell jitter and
end-to-enddelay.

The remainderof this paperis organizedasfollows. In Sec-
tion II we describethe basictraffic models. In SectionIII we
describethe ratecontrol algorithmwe propose.In SectionIV
we analyzethecombinationof our ratecontrollerwith a simple
priority link scheduler. In SectionV weanalyzethecombination
of our ratecontrollerwith a WFQ link scheduler. In SectionVI
wepresenttheexperimentalresults.In SectionVII wecompare
our ratecontrollerwith previousalgorithms.

Many missingdetailscanbefoundin [5].

I I . THE TRAFFIC MODEL

To facilitateany meaningfulratecontrol,onemusthaveatraf-
fic model. A traffic modelis required,ontheonehand,to impose
somelimits ontheincomingtraffic, andontheotherhand,to al-
low for a useful commitmenton the outgoingtraffic. Several
traffic modelshave beenconsideredin theliterature.For exam-
ple, the

021
min 3 1 ave 3546387 max9 model[3], the

0;: 3=< 9 model [2],
the

02> 35? 9 model [4]. The basicideain mostof theseabstrac-
tions is to modelburstiness, andthe differencesbetweenthem
areusuallysubtle. In this paperwe considermainly the

0;: 3=< 9
modelandtheATM servicesbasedon it, in particularConstant

Bit Rate(CBR)andVariableBit Rate(VBR) [9].
The basic conceptunderlying the definitions of CBR and

VBR is the ATM variantof leaky bucket, calledGenericRate
Control Algorithm,abbreviatedGCRA. A GCRA is definedby
a per-flow procedurewhich determines,for eacharriving cell,
whetherit is conformingor not to theGCRAmodel.TheGCRA
modelhastwo parameters:an incrementdenoted4 , anda limit
denoted@ . Intuitively, conformingcells shouldarrive with 4
time units spacing,but they are allowed to arrive at most @
time unitsbeforetheir “expected”arrival time. The“expected”
arrival time is maintainedby the procedurein a variable ACBCA ,
whosevalueis 4 time unitsafter theprevious ACBDA valueor the
previouscell arrival time—whicheveris larger. Pseudo-codefor
theprocedureis givenin Figure2.

GCRAspecificationfor incrementE andlimit F :
Whena cell arrivesat time G :
if first cell then HJIJHLKMG // initialize HJIJH
if GONPHJIJH then // latecellHJIJHQKRG
else // earlycell

if GOSTHJIJHVUWF then // too early
return NON CONFORMINGHJIJHLKRHJIJHYXTE

return CONFORMING

Fig. 2. Proceduredefiningwhetheranarriving cell is conformingto a GCRAZ E\[]F_^ specification.Note that HJIJH keepsits valuethroughinvocationsof
theprocedure.

Note that if @a` 4 , thenit is possiblethata few cells arriv-
ing back-to-backareconforming.More precisely, themaximal
numberof cellsarriving back-to-backisbdcfe @4hgji\kmlon 3 (1)

where i is thetransmissiontime of a singlecell. We saythata
stream7 conformsto theGCRA modelwith parameters

0 4p3 @ 9 ,
denoted7rqfshtQuwv 0 4p3 @ 9 , if all cells in the streamarecon-
formingaccordingto theGCRAalgorithmof Figure2.

The GCRA model is closely related to the
0;: 35< 9 model.

Specifically, let x be the numberof bits in a cell. Then, us-
ing thedefinitionsof [2], for any stream7yqRshtQuwv 0 463 @ 9 , we
have that 7zq 0{: 3=< 9 underthefollowing transformation.< c x 4 3 and

: c x}|�~ e @4�gji\kTlon���� (2)

I I I . THE REGULATOR

The architectureof our GCRA ratecontroller is depictedin
Fig. 1. The rate controller consistsof two modules: traffic
regulator andpriority scheduler. Eachconnectionhasa dedi-
catedbuffer at theregulator, in which incomingcellsarestored.
Theregulatorholdseachcell until it is eligible for transmission,
wherea cell is saidto be eligible if it is conformingaccording
to its GCRA-basedtraffic model. Whena cell becomeseligi-
ble, it is put in a schedulerbuffer: the schedulermaintainsa



buffer for eachpriority class. The scheduler’s taskis to select
the next cell to transmiton the outgoinglink accordingto the
priority policy. Usually, the schedulerenforcesthe strict pri-
ority policy, whereinat any giventime, thecellsof thehighest
non-emptypriority classbuffer areserved.Within eachpriority
class,the schedulermay useanotherpolicy suchasWeighted
Fair Queuing(WFQ) [7], which ensuresthat eachconnection
getsits allocatedbandwidthshare.

������� ���J��� Z G][�E\[{FO^O� // currentcell is transmittedat time G
if first cell then // initialize HJIJHHJIJHLKRG

return HJIJH
elseHJIJHLKME�X}�w� � Z G][{HJIJH�^

return �w� � Z G][{HJIJHLUWF_^
Fig. 3. Procedureusedto computethenext time a cell will beeligible to trans-

missionaccordingto asingle ������� Z E\[{FO^ specification.Thevalueof HJIJH
is retainedthroughdifferentinvocations.

Constants���=���
:sizeof calendarqueue

Data Structures�8 ¢¡ : array of length
���=���

of listsof connections£�¤5¥ currententryin �8 ¢¡¦�� : currentconnection£�§�¨J© :next time ¦�� shouldbescheduled

Executeeverycell-slottime:£�¤5¥ K £�¤5¥ � ��ª ���=���
while �8 ¢¡\« £�¤5¥�¬p­®°¯�±¢²J² do¦�� ®´³;µ=¶¸·J¹�µ º�³;·J¶ »�µ]¼¢½ Z �8 ¢¡\« £�¤5¥J¬ ^

if ¦�� is emptythen
mark ¦�� “eligible” //whenever next cell arrives...

else
dispatch first cell of ¦�� to scheduler£�§�¨J© K �\����� ���J��� Z £�¤5¥ [ ¦���¾ E\[ ¦���¾ F_^¼�¿¢¿�µ5ÀÁ½ ÂÃ· ÂÄ¼JÅÇÆ Z �8 ¢¡�« £�§�¨J© � ��ª ���=��� ¬ ^

Fig. 4. Theregulatoralgorithm.

The algorithmis basedon the calendarqueuealgorithm[1].
Pseudocodeis givenin Figure4. Thebasicideais asfollows.
We maintaina calendarcalled ÈÊÉÌË , which is a cyclic arrayof
linkedlists of activeconnections.Eachentryin thearraycorre-
spondsto a cell-slot time, andthe calendar, at any time, corre-
spondsto the sliding time interval which startsnow andspansÍ6ÎÁÏÊÐ

cell-slot times into the future. Thereis a pointercalledÑpÒÊÓ advancingcyclically over thearray, alwayspointing to the
currententry. The list hangingfrom the currententrycontains
structuresrepresentingall connectionswhich are eligible for
transmissionnow. Theactiontakenby the algorithmin a time
stepis asfollows. After advancingthe ÑÔÒÊÓ pointer, the list of
connectionspointedto by thecurrentcalendarentry is scanned
in order. For eachconnectionon the list, a cell is submittedto
the scheduler(if available—seebelow), the next conformance

time is computed,andtheconnectionis concatenatedto thelist
hangingfrom theentrycorrespondingto thattime.

Notethatin general,thenext conformancetime of a connec-
tion maybethecurrentstepagain: in this case,theconnection
which wasremovedfrom the headof the list will be appended
to thetail of thesamelist.

Somespecialcareis neededfor connectionswhich become
eligible for transmission,but do not have any cell to transmit
yet. For this case,we have a specialflag eligible to eachcon-
nection(seeFigure4), andanadditionaltestperformedby each
incomingcell: Whenacell arrives,if thebufferof its connection
is emptyand if theeligible flag is set,thenit clearstheeligible
flagandjoinsthetail of thelist of thenext entryto bescheduled.

A. AnalysisandExtensionsof theAlgorithm/ It turnsout thatour algorithmhasextremelymodestresource
requirements.For example,anOC12link containingup to 64K
connectionsrequiresless37MHzcomputationstepsonasimple
RISC processor, andlessthan80KByte of memory(assuming
thatthespeedof eachconnectionis at least32Mbps)./ The basicalgorithmcaneasilybe extendedto handletraffic
contrainedby any numberof leaky buckets(e.g.,VBR is defined
usingtwo GCRAs).

Detailscanbefoundin [5].

IV. ANALYSIS OF THE GCRA REGULATOR WITH A

PRIORITY SCHEDULER

In this sectionwe analyze,basedon techniquesof Cruz [2],
the buffer spacerequirementandthe delayaddedby the com-
bination of our regulator and a simple priority scheduler:re-
call that the outputof the ratecontrollermay have many cells
submittedsimultaneouslyto thescheduler, i.e., theregulatorig-
noresthelimited bandwidthof theoutgoinglink; thescheduler
hasto dealwith it, basedon its policy. Therefore,theburstiness
of streamscomingout of the switch may be increasedby the
scheduler. The analysisbelow allows us to adjustthe parame-
tersusedby theregulatorsoasto conformto givenparameters
outsidethe switch. Here,we analyzethe simplestrict priority
policy.

For thesake of simplicity, we do our calculationsfor thesin-
gle GCRA case,presentedin Figure4. Using Eq. (2), we will
work in the

0{: 3=< 9 model.We denotethenumberof connections
sharingthelink by Õ , andtheoutputlink capacityby Ö . We as-
sumethatthetotal reservedbandwidthis lessthan Ö . We make
our calculationsundertheassumptionthat thereis no cell loss:
wewill find thesizeof thebufferwhichjustifiesthisassumption.

In the strict priority policy, only the highestpriority classis
served at any given time, i.e., a cell will be served only after
all cells of higher priority have beenserved. We denotethe
numberof priority classesby × , whereclass n is the highest
priority. Within eachpriority class Ø , we orderall connections
in somearbitraryorder, so that Ø{Ù denotesthe Ú -th connection
in the Ø -th priority class. EachconnectionØ{Ù conformsto theÛ ÖÝÜÝÞ 0 Ü 3 b 9 modelby virtueof thetraffic shaping,with burst
size

bàßâá
cellsandrate Ü ßâá cellspersecond.Wedenoteby Ü ß the

totalrateof priority Ø connections,i.e., Ü ß cRã Ù Ü ß á . Similarly,



we denoteby
bWß

the total possibleburstsizeof priority- Ø con-
nections,i.e.,

b ß cRã Ù b ß á . Let ä ß á denotethemaximaldelay
experiencedby a cell of connectionØ{Ù arriving at thescheduler
at time i . Following [2], weobtain:ä ßÇáÝå ã ß æJç�è b æÖ g ã ß;é èæJç�è Ü æ � (3)

Note that ä ß á is a boundfor all cells in the Ø -th priority class,
sinceeffectively, Eq. (3) boundstheworst-casedelayfor a cell
with priority Ø . We arethereforejustifiedin denotingä ß�c ä ßÇá
for any Ú . Usingthefact thata delayof ä secondsfor a stream
with rate Ü canincreasethesizeof burstsby no morethan Üêä
cells, we canboundthe size of the buffers in the scheduleas
follows. The buffer spacein the scheduleris equalto the sum
of all

b ß
andthemaximumdelayin thebuffer multipliedby the

total rateof cells enteringthe scheduler. Thus,the total buffer
spacerequiredfor priority Ø satisfiesëìßVåíbàß l Ü ß ã ß;é èæJçYè b æÖ g ã ß;é èæJçYè Ü æ (4)

and the total buffer spacerequiredin the scheduleris simplyëîcRãðïß ç�è ë ß .
UsingEqs.(3,1),we canfinally calculatetheGCRA parame-

terswhich shouldbeusedby theratecontrollerin orderto en-
sureconformanceof thestreamleavingthe switch. Considera
streamÚ�ñ of priority Ø which shouldleave theswitchconform-
ing to

0 Ü 3 b´ò 9 . Supposethat the regulatorshapesthe stream
to conformto

0 Ü 3 bôó 9 . Clearly, the maximalnumberof cells
from streamÚ ñ which maybeleaving togethertheschedulerisbõó l ÜÝä ß , where ä ß is givenby Eq. (3). Thus,the streamÚ�ñ
shouldbeshapedwith

b ó cöb ò g ÜÝä ß . This correspondsto a
shaper’sGCRA @ -valueof@ c ~ @ ò4�g´i g ä ß4÷� | 0 4hgji 9 3 (5)

where @ ò is therequired@ parameterof thestreamleaving the
switch, i is thecell transmissiontime, 4 is thereciprocalof the
line averagespeed,and ä ß is givenby Eq.(3).

V. ANALYSIS OF THE GCRA REGULATOR WITH A WFQ
SCHEDULER

In this sectionwe analyzethe buffer spacerequirementand
thedelayaddedby thecombinationof ourGCRAratecontroller
with a weightedfair queuing(WFQ) scheduler[7]. A weighted
fair queuingschedulerconsistsof Õ classesof servicewhere
eachclassis associatedwith a weight ø ß so that

ã ø ß c n .Within eachserviceclass Ø , we orderall connectionsin some
arbitraryorder, sothat Ø Ù denotesthe Ú -th connectionin the Ø -th
serviceclass. Similarly to the previous analysis,eachconnec-
tion Ø{Ù conformsto the

0 Ü 3 b 9 model by virtue of the traffic
shaping,with burstsize

b ß á
cellsandrate Ü ß á cellspersecond.

We denoteby Ü ß the total rateof serviceclass Ø connections,
i.e., Ü ßQc ã Ù Ü ßÇá . Similarly, we denoteby

bWß
the total possi-

bleburstsizeof serviceclass-Ø connections,i.e.,
b ß cRã Ù b ß á .

Following [7], we can bound the size of the serviceclass
buffer in theschedulerasfollows. Usingthefact that thedelay
boundprovidedby WFQ is within onepacket of thatprovided
by GPS,therequiredbuffer spaceis equalto thesumof all

bWß
plus onecell. Thus,the total buffer spacerequiredfor service
classØ satisfies

ë ß åùb ß lún , andthetotalbuffer spacerequired
in the scheduleris simply

ëûcüã ïß ç�è ëêß . Let ä ßâá denotethe
maximaldelayexperiencedby acell of connectionØ Ù arriving at
theschedulerat time i . Thedelayis relatedto thetime it takes
to cleartheserviceclassbuffer

ë ß
. We haveä ß áêå ëìßø ß Ö 3 (6)

where ø ß is theserviceclassweightand Ö is theline capacity.
Thusweget ä ßÇáìå b ß lúnø ß Ö 3 (7)

Using Eqs. (7,1), we can finally calculatethe GCRA pa-
rameterswhich shouldbe usedby the ratecontroller in order
to ensureconformanceof the streamleaving the switch. Con-
siderastreamÚ�ñ of serviceclassØ whichshouldleavetheswitch
conformingto

0 Ü 3 b´ò 9 . Supposethat the regulatorshapesthe
streamto conformto

0 Ü 3 bõó 9 . Clearly, themaximalnumberof
cells from streamÚ ñ which maybe leaving togetherthesched-
uler is atmost

bõó l Üêä ß á , whereä ß á is givenby Eq.(6). Thus,
thestreamÚ�ñ shouldbeshapedwithb ó cob ò g ÜÝä ßÇá � (8)

Thiscorrespondsto ashaper’sGCRA @ -valueof@ c ~ @ ò4Wg´i g bWß lon4 ø ß Ö � | 0 4hgji 9 3 (9)

where @ ò is therequired@ parameterof thestreamleaving the
switch, i is thecell transmissiontime, 4 is thereciprocalof the
line averagespeed.

VI . PERFORMANCE EVALUATION

In this sectionwe evaluatethe performanceof the GCRA
shapingin a simplenetwork. The network modelwe usecon-
sistsof a line of ý switches(seeFigure5 for a schematicrep-
resentationof a network with ý cÿþ

). This line is the path
of a singleconnectionwe examine,calledthe focusconnection
henceforth.In eachswitch, otherconnectionsaremultiplexed
into the output link with various input and shapingparame-
ters. Specifically, we have threetypesof connectionsdenoted
by A, B andC (seeTable I). Eachtraffic sourceconformstoshtQuwv 0 4 ß�� 3 @ ß�� 9 with the given parameters,andthe regulator
shapesthemto conformto shtQuwv 0 463 @ 9 asgiven. The focus
connectionis of typeA (settingthesourceto beof anothertype
doesnot affect theresultsin a significantway). In eachswitch,
we inject freshtraffic streams:9 of typeA, 10of typeB, and10
of typeC (sothatin eachlink, thereare30streamsoverall). All
streamsexceptthe focusconnectionleave thesystemafterone
hop(oncetheirconflictswith thefocusconnectionareresolved,
their effect is negligible).
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Fig. 5. Network modelusedin simulationswith 4 switches.End-to-enddelay
andcell spacingweremeasuredonly for thefocusconnection.

TABLE I

CONNECTION PARAMETERS TESTED

shapedtraffic
0 463 @ 9

Type
0 4 ß�� 3 @ ß�� 9 50%@ ß�� 25%@ ß�� 5%@ ß��

A (20,400) (20,200) (20,100) (20,10)
B (100,2000) (100,1000) (100,500) (100,100)
C (25,500) (25,250) (25,125) (25,25)

All traffic sourcesaregeneratedby astochasticon/off process
with shtQu v 0 4 ß�� 3 @ ß�� 9 parameters.The ideais that theprocess
emulatesa sourcewhich generatespackets: the @ ß�� parame-
ter correspondsto thepacket size,andthe 4 ß�� parametercorre-
spondsto the averagerate. To control the interactionbetween
connections,the arriving time of eachpacket is uniformly dis-
tributedbetween0 andtheconnectionperiod @ ß���� 4 ß�� .

In thissetting,abacklogof non-conformingcellsmaybegen-
eratedin the input buffers since @ ß���� @ , i.e., the regulator
shapesthe outgoingtraffic to be smootherthan the incoming
traffic. Temporarycongestionin theoutputbuffersmaybecre-
atedwhenpacketsfrom severalstreamsarrivesatthesametime.
We measuredtheperformanceof theGCRA shaperin termsof
buffer occupancy, end-to-enddelay, and inter cell arrival time
at the destination. The delaysand the inter-cell arrival times
weremeasuredonly for thefocusconnection.Wepresentresults
for variousvaluesof theshaper’s @ value,modelingthebursti-
nessof theshapedtraffic. We compared@ valuesrangingfrom@ c @ ß�� ��� (correspondingto roughshaping)to @ c @ ß�� ���� 
(correspondingto smoothshaping).The

0 4p3 @ 9 valueswetested
aresummarizedin TableI.

We presentresultsfor a simpleFCFSscheduler(resultsfor
the 2-priority casecan be found in [5]). Figure 6 shows the
buffer requirementinsidethenetwork for thefocusconnection.
We remarkthatsmaller @ valuesat theshaperreducethebuffer
spacerequirementdramaticallyat all switchesexcept the first
[5].

An importantconsequenceof spacereductionfor smoother
traffic is that the end-to-enddelay was reducedas well when
moreaggressive shapinghasbeenenforcedby theswitchregu-
lators,ascanbeseenin Figure7. This resultis consistent:the
moreswitcheswehave,thebetterreductionin end-to-enddelay
we get—seeFigure8.
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Fig. 6. Buffer occupancy in thefirst andfourth switchesfor differentvaluesof
thesmoothingparameterF .
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Fig. 7. End-to-enddelayfor different F valuesafter4 switches.

This factis alsoconspicuousin Figure9, wherethebuffer oc-
cupancy of thescheduleris plotted.Thescheduler’sbuffer rep-
resentsthe link congestion,which is muchlower for smoothed
traffic.

Our last set of resultsfor the no priority caseconcernsthe
inter-cell spacingvalues,i.e.,thejitter (Figure10). Consistently
with our previousobservations,we seethat the cell spacingin
a typical time interval at the 4th link is muchbetterwhen the
streamsarehighly regulated.

VI I . RELATED WORK

Much researcheffort wasdevotedto ratecontrol over high-
speednetworks. Zhang[10] providesan excellentsurvey. We
briefly discusslaterpaperswhicharemostrelevantto ourwork.

In [6], a comparison is made between two non-work-
conservingtraffic shapingalgorithms,Stop-and-Go[4] andRate
Control StaticPriority (RCSP)[11]. They proposeto usethe
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Fig. 8. Averageend-to-enddelaysfor different F valuesasa function of the
pathlength.
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Fig. 9. Buffer occupancy of thelink schedulerin the4thswitch.

0;: 35< 9 leaky bucket asa traffic shaper, but they do not discuss
theimplementationdetails.

In [10], Zhang proposesan implementationof a regulator
basedon a modifiedversionof calendarqueue[1]. In Zhang’s
algorithm, eachentry in the calendarcontainslinked lists of
cells, one list for eachpriority class. Every “tick,” all lists of
the currententry aresubmittedto the scheduler. In this algo-
rithm, sincethe lists consistof cells, it is completelypossible
(in fact,it is usuallythecase),thatmorethanonecell associated
with oneconnectionwill bepointedto by thecalendar. There-
sult is that whena long burst of cells for a specificconnection
arrives, the cells belongingto that burst may wrap aroundthe
calendar, thusbreakingtheFIFO order. Thesimplesolutionis
to have a sufficiently large calendar. In our solution,however,
the basicschedulingentity is a connection. This hastwo ad-
vantages:First,sinceeachconnectionmayappearat mostonce
in the calendar, onecaneasilysmoothlarge bursts. In our al-
gorithm, the sizeof the calendaris not dominatedby the time
requiredto smooththe largestburst, but ratherit is determined
by the inter-cell arrival time of the slowestconnection. Under
realisticcircumstances,thelatteris usuallysmallerthanthefor-
mer. In addition,in our algorithm,thespaceoverheadrequired
for implementingthelist structureis proportionalto thenumber
of connections,which is muchbetter.

Anotherwork closelyrelatedto oursis [8], whereafair leaky-
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Fig.10. Cell inter-arrival timesfor different F values.Thestandarddeviationof
the inter-arrival timesare9.81for F ®yx{z F}|�~ , 15.84for F ®y��x{z F�|�~ ,
and32.76for F ®�x��{z F}|�~ .

bucket rate controller is proposed. One of the main architec-
tural featuresof [8] is that shapingand schedulingare inte-
grated.Fairnessis achievedby interleaving conformingcellsin
thescheduler. Our implementation,by contrast,decouplestraf-
fic shapingfrom link scheduling,whichgivesourdesignseveral
advantages.First, we cansupportarbitrarypriority policies: it
is not clearhow canonedo that in the algorithmproposedin
[8]. Secondly, our algorithmallows for simpleanalysesof the
requiredbuffer spaceandqueuingdelays,usingstandardtech-
niques.Moreover, we give explicit constructionfor dual leaky
bucketsrequiredfor VBR-type connectionsandsimulationsof
multiple switchnetwork.
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