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Abstract—We proposearate controller for ATM switches.The rate con-
troller supports multiple priorities, and dual leaky bucket (GCRA) traffic
descriptors (such as VBR). While regulating each stream independently
our rate controller requires relatively modestcomputation bandwidth so
that it can be implemented without any additional special-pupose hard-
ware. The memory spacerequirement under reasonablecircumstancesis
closeto the most space-efficientschemes.It also enjoysthe important ad-
vantageof being decoupledfrom 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 conformance at downstream switches. We study the bestways
to allocate resourcesto rate controllers along the path of connection,and
demonstratethe effectivenessof aggressve and light shapingin a multiple
stagenetwork under various network loads.

|. INTRODUCTION

AsynchronoudransferMode (ATM) is consideredh leading
technologyfor transportingmultimedia(including voice, video
anddata)over wide areanetworks. Oneof the mostchalleng-
ing problemgo solve prior to the deploymentof ATM networks
is traffic managemenandcongestiorcontrol. Congestiorcon-
trol is difficult in ATM networksbecaus®f thehighbandwidth,
diversequality of servicerequirementsandvarioustraffic char
acteristics.

Oneeffective congestioncontrol techniqueis to delay early
cells until they conformto the connections traffic descriptors,
whichtypically prescribeéburstandbandwidthrestrictions.This
techniquds looselycalledtraffic shapingor ratecontrol. Shap-
ing accommodatesgariationin traffic flow by smoothingthein-
comingcell stream.Without suchactionthe network mustre-
sene more resourceso accommodatdurstsor sessionsnay
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 shapemustbuffer non-
conformingcells and schedulethemfor later transmission.A
single network-accesgoint often servicesthousandsf con-
nections,with different traffic parametersyequiring efficient
shaperand scalabletechniquesfor buffering and scheduling
cells. Muchwork hasbeendoneon traffic shapingandratecon-
trol: seee.g.,thesuney of Zhang[10] andreferencesherein.

Thearchitectureof typicalratecontrolleris depictedn Fig. 1.
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Fig. 1. Architectureof the rate controller Incoming cells are placedin a
perconnectionbuffer until the (possiblydual) GCRA traffic regulator de-
terminesthatthey areeligible to transmission.At eachtime step,all cells
eligible for transmissioraremavedto thelink schedulerwherethey areput
in perpriority-classbuffers.

Theratecontrollerconsistof two modulestraffic regulatorand
priority scheduler Eachconnectionhasa dedicatedouffer at
theregulator in which incomingcellsarestored.The regulator
holdseachcell until it is eligible for transmissioraccordingto

its traffic model(in our case:GCRA-basednodel,seebelow).

Whenacell becomeligible, it is putin aschedulebuffer: the
schedulemaintainsa buffer for eachpriority class The sched-
uler’s taskis to selectthe next cell to transmiton the outgoing
link accordingto the specificpriority policy.

With high speedlinks and small cell size, a modernATM
switch requiresa highly efficient traffic shapingalgorithmto
proces<cell arrival and departuresvery few microsecondand,
in addition,thealgorithmshouldscaleto alargenumberof con-
nectionswith diversetraffic parameter&and quality of service
requirements.

In thiswork, we proposeanalgorithmfor ratecontrolin ATM
switches.Theimportantpropertiesof the algorithmarethe fol-
lowing

¢ Traffic shapingbasedon ATM’s versionof leaky bucket,
calledGCRA. Thisincludestheprominentservicetypesof Con-
stantBit Rate(CBR), andVariableBit Rate(VBR), aswell as
Guaranteed#rameRate(GFR).

e Supportfor multiple priorities.



e Decouplingrate regulationfrom link scheduling. This al-
lows one, for example,to replacethe priority policy or mech-
anismwithout changingthe regulatorpart. It alsoallows for a
simpleanalysisof the maximumcell delay andthe buffer space
requirement.

e The computationoverheadof the regulatoris low enough
to be implementedn software. In particular the computation
dependsnly on the actualnumberof the cells transmittedye-
gardlessof the numberof connectionsThis propertymakesthe
algorithmhighly scalable.

Thedecouplingof ratecontrolfrom link schedulingorcesus
to re-calculateheburstinesgparametersf theoutgoingstream.
The problemis asfollows. After being shapedthe rate con-
troller passedhe cellsto the link scheduler Thelink schedul-
ing taskis to resolwe conflictsbetweencompetingconnections.
Conflictsoccurwhenmultiple cells,from differentconnections,
becomeeligible for transmissiorduringthe sametime slot. De-
pendingon how the schedulerarbitratesamongstcompeting
cells, the burstinessof the connectionmay increase thus vi-
olating the expectationsof downstreamnodesin the network,
possiblyincreasingecell lossratesandend-to-enddelay In this
work, we analyzetheinfluenceof two basiclink schedulingdis-
ciplines (priority and weightedfair queuing)and derive exact
expressiondor theshapingrequiredby theratecontrollersoas
to guarantedhat the streamleaving the switch conformsto a
givendescription.

We concludewith simulationresults.We evaluatethe perfor
manceof the GCRA shapingin a simplelinear network, where
in eachswitch,severalconnectionaremultiplexedinto the out-
put link with variousinput and shapingparametersWe study
the bestwaysto allocateresourceso ratecontrollersalongthe
pathof connectionanddemonstrat¢he effectivenesof aggres-
sive andlight shapingn a multiple stagenetwork undervarious
network loadsin termsof network buffer spacecell jitter and
end-to-endlelay

The remainderof this paperis organizedasfollows. In Sec-
tion Il we describethe basictraffic models. In Sectionlll we
describethe rate control algorithmwe propose.In SectionlV
we analyzethe combinationof our ratecontrollerwith a simple
priority link schedulerin SectionV we analyze¢hecombination
of our ratecontrollerwith aWFQ link schedulerin SectionVI
we presenthe experimentakesults.In SectionVIl we compare
our ratecontrollerwith previousalgorithms.

Many missingdetailscanbefoundin [5].

Il. THE TRAFFIC MODEL

Tofacilitateany meaningfuratecontrol,onemusthave atraf-
fic model A traffic modelis required ontheonehand toimpose
somelimits ontheincomingtraffic, andontheotherhand,to al-
low for a useful commitmenton the outgoingtraffic. Several
traffic modelshave beenconsideredn theliterature.For exam-
ple, the (Xmin, Xave, I, Smax) model[3], the (o, p) model[2],
the (r,T") model[4]. The basicideain mostof theseabstrac-
tionsis to modelburstiness andthe differencesetweenthem
areusuallysubtle. In this paperwe considemainly the (o, p)
modelandthe ATM serviceshasedniit, in particularConstant

Bit Rate(CBR) andVariableBit Rate(VBR) [9].

The basic conceptunderlying the definitions of CBR and
VBR is the ATM variantof leaky bucket, called GenericRate
Control Algorithm, abbreviatedGCRA. A GCRA is definedby
a perflow procedurewhich determinesfor eacharriving cell,
whetheirit is conformingor notto the GCRAmodel. TheGCRA
modelhastwo parametersanincrementdenoted!, anda limit
denotedL. Intuitively, conformingcells shouldarrive with T
time units spacing,but they are allowed to arrive at most L
time units beforetheir “expected”arrival time. The “expected”
arrival time is maintainedby the procedurein a variable TAT,
whosevalueis I time units afterthe previous TAT valueor the
previouscell arrival time—whicheveris larger. Pseudo-codéor
theproceduras givenin Figure?2.

GCRA specificatiorfor incrementl andlimit L:
Whena cell arrivesat timet:

if firstcell then TAT « ¢ [l'initialize TAT

if t > TAT then /I latecell
TAT < ¢

else Il earlycell
if £ < TAT — L then I too early

return NON CONFORMING
TAT <— TAT + 1
return CONFORMING

Fig. 2. Proceduralefiningwhetheranarriving cell is conformingto a GCRA
(I, L) specification.Note that TAT keepsits value throughinvocationsof
theprocedure.

Notethatif L > I, thenit is possiblethata few cells arriv-
ing back-to-baclkareconforming. More precisely the maximal
numberof cellsarriving back-to-backs

L
N=|—|+1
i

wheret is thetransmissiortime of a singlecell. We saythata
streamS conformsto the GCRA modelwith parametersI, L),
denotedS ~ GCRA(I, L), if all cellsin the streamare con-
forming accordingto the GCRA algorithmof Figure2.

The GCRA model is closely relatedto the (o, p) model.
Specifically let £ be the numberof bits in a cell. Then, us-
ing the definitionsof [2], for ary streamS ~ GCRA(I, L), we
havethatS ~ (o, p) underthefollowing transformation.

k L
f’ and U—k(\‘mJ"rl)

Ill. THE REGULATOR

(1)

p= (@)

The architectureof our GCRA rate controlleris depictedin
Fig. 1. The rate controller consistsof two modules: traffic
regulator and priority scheduler Eachconnectionhasa dedi-
catedbuffer attheregulator, in whichincomingcellsarestored.
Theregulatorholdseachcell until it is eligible for transmission,
wherea cell is saidto beeligible if it is conformingaccording
to its GCRA-basedraffic model. Whena cell become<ligi-
ble, it is put in a scheduleuffer: the schedulemaintainsa



buffer for eachpriority class The scheduless taskis to select
the next cell to transmiton the outgoinglink accordingto the
priority policy. Usually;, the schedulerenforcesthe strict pri-
ority policy, whereinat ary giventime, the cells of the highest
non-emptypriority classbuffer aresened. Within eachpriority
class,the schedulemay useanotherpolicy suchasWeighted
Fair Queuing(WFQ) [7], which ensureghat eachconnection
getsits allocatedbandwidthshare.

[l currentcell is transmittecattime ¢
[/l initialize TAT

next_conf(¢, I, L) :
if firstcell then
TAT < ¢
return TAT
else
TAT « I + max(t, TAT)
return max(¢, TAT — L)

Fig. 3. Proceduraisedto computethe next time a cell will beeligible to trans-
missionaccordingto asingleGCRA(I, L) specificationThevalueof TAT
is retainedthroughdifferentinvocations.

Constants
SIZE:sizeof calendarqueue

Data Structues

cal: array of lengthSIZE of lists of connections
now currententryin cal

vc:  currentconnection

next:nexttimevc shouldbe scheduled

Executeevery cell-slottime:
now <— now mod SIZE
while cal[now] # NULL do
vc = remove_from_head(callnow])
if vc is emptythen
markve “eligible”
else
dispatd first cell of ve to scheduler
next < next_conf(now,ve.l,vc.L)
append_to_tail(cal [next mod SIZE])

/lwheneer next cell arrives...

Fig. 4. Theregulatoralgorithm.

The algorithmis basedon the calendamueuealgorithm[1].
Pseudacodeis givenin Figure4. Thebasicideais asfollows.
We maintaina calendarcalledcal, which is a cyclic array of
linkedlists of active connectionsEachentryin thearraycorre-
spondsto a cell-slottime, andthe calendarat any time, corre-
spondsto the sliding time interval which startsnow and spans
SIZE cell-slottimesinto the future. Thereis a pointer called
now advancingcyclically over the array alwayspointingto the
currententry. The list hangingfrom the currententry contains
structuresrepresentingall connectionswhich are eligible for
transmissiomow. The actiontaken by the algorithmin a time
stepis asfollows. After advancingthe now pointer, the list of
connectiongointedto by the currentcalendarentryis scanned
in order For eachconnectionon thelist, a cell is submittedto
the scheduler(if available—seebelaw), the next conformance

time is computedandthe connectioris concatenatetb thelist
hangingfrom the entry correspondingo thattime.

Notethatin generalthe next conformancdime of a connec-
tion may bethe currentstepagain:in this case the connection
which wasremoved from the headof thelist will be appended
to thetail of the samdlist.

Somespecialcareis neededor connectionsvhich become
eligible for transmissionput do not have ary cell to transmit
yet. For this case we have a specialflag eligible to eachcon-
nection(seeFigure4), andanadditionaltestperformedby each
incomingcell: Whenacell arrives,if thebuffer of its connection
is emptyandif theeligible flagis set,thenit clearstheeligible
flagandjoinsthetail of thelist of thenext entryto bescheduled.

A. Analysisand Extension®f the Algorithm

e |t turnsout thatour algorithmhasextremelymodestresource
requirementskor example,anOC12link containingup to 64K
connectionsequiredess37MHz computatiorstepsonasimple
RISC processarandlessthan 80KByte of memory(assuming
thatthe speedf eachconnectioris atleast32Mbps).
e The basicalgorithm can easily be extendedto handletraffic
contrainedy arny 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 techniquesf Cruz[2],
the buffer spacerequirement&andthe delay addedby the com-
bination of our regulator and a simple priority scheduler:re-
call that the outputof the rate controllermay have mary cells
submittedsimultaneouslyo the scheduleri.e., theregulatorig-
noresthe limited bandwidthof the outgoinglink; the scheduler
hasto dealwith it, basednits policy. Thereforetheburstiness
of streamscoming out 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 the sale of simplicity, we do our calculationgor the sin-
gle GCRA case presentedn Figure4. Using Eq. (2), we will
work in the (o, p) model. We denotethe numberof connections
sharingthelink by n, andthe outputlink capacityby C. We as-
sumethatthetotal reseredbandwidthis lessthanC'. We make
our calculationsunderthe assumptiorthatthereis no cell loss:
wewill find thesizeof thebufferwhichjustifiesthisassumption.

In the strict priority policy, only the highestpriority classis
sened at any giventime, i.e., a cell will be sened only after
all cells of higher priority have beensened. We denotethe
numberof priority classesdy M, whereclass1 is the highest
priority. Within eachpriority classi, we orderall connections
in somearbitrary order, sothats; denoteshe j-th connection
in the i-th priority class. Eachconnectioni; conformsto the
GCRA(R, N) modelby virtue of thetraffic shapingwith burst
sizeN;; cellsandrateR;; cellspersecondWe denoteby R; the
total rateof priority < connectionsi.e.,R; = Zj R;;. Similarly,



we denoteby N; the total possibleburstsize of priority-i con-
nectionsj.e.,N; = Zj N;,. Let D;; denotethe maximaldelay
experiencedy a cell of connectiori; arriving at the scheduler
attimet. Following [2], we obtain:

3)

Note that D;; is a boundfor all cellsin the-th priority class,
sinceeffectively, Eq. (3) boundsthe worst-caseadelayfor a cell
with priority 4. We arethereforgjustifiedin denotingD; = D;;
for ary j. Usingthefactthata delayof D seconddor a stream
with rate R canincreasehesizeof burstsby no morethan RD
cells, we canboundthe size of the buffersin the scheduleas
follows. The buffer spacein the scheduleiis equalto the sum
of all N; andthe maximumdelayin the buffer multiplied by the
total rate of cells enteringthe scheduler Thus,the total buffer
spacerequiredfor priority ¢ satisfies

i1 N
C— il Re
and the total buffer spacerequiredin the scheduleris simply
B = Ezj\i1 B;.

Using Egs.(3,1)we canfinally calculatethe GCRA parame-
terswhich shouldbe usedby the ratecontrollerin orderto en-
sureconformanceof the streamleavingthe switch. Considera
streamyj, of priority ¢ which shouldleave the switch conform-
ing to (R, N*). Supposehat the regulator shapeshe stream
to conformto (R, N'). Clearly, the maximal numberof cells
from streamj, which may be leaving togetherthe scheduletis
N' + RD;, whereD; is givenby Eq. (3). Thus,the streamj
shouldbe shapedvith N' = N* — RD;. This correspond$o a
shapers GCRA L-valueof

B; < N;+R; (4)

L D;
L= —22) (I -
(I—t I) (=%,
whereL* is therequiredL parameteof the streamleaving the

switch, ¢ is the cell transmissiortime, I is thereciprocalof the
line averagespeedandD; is givenby Eq.(3).

()

V. ANALYSIS OF THE GCRA REGULATOR WITH A WFQ
SCHEDULER

In this sectionwe analyzethe buffer spacerequirementand
thedelayaddedby thecombinatiorof our GCRA ratecontroller
with aweightedfair queuing(WFQ) schedulef7]. A weighted
fair queuingschedulerconsistsof n classesof servicewhere
eachclassis associatedvith a weight W; sothat) W, = 1.
Within eachserviceclassi, we orderall connectiondn some
arbitraryorder, sothati; denoteshe j-th connectiorin thei-th
serviceclass. Similarly to the previous analysis,eachconnec-
tion ¢; conformsto the (R, N) model by virtue of the traffic
shapingwith burstsize N;; cellsandrate R;; cellspersecond.
We denoteby R; the total rate of serviceclassi connections,
e, R; = Zj R;;. Similarly, we denoteby N; the total possi-
ble burstsizeof serviceclassé connectionsi.e., N; = Z]. N;,.

Following [7], we can boundthe size of the serviceclass
buffer in the schedulemasfollows. Usingthefactthatthe delay
boundprovided by WFQ is within one paclet of that provided
by GPS,therequiredbuffer spaceis equalto the sumof all N;
plusonecell. Thus,the total buffer spacerequiredfor service
classi satisfiesB; < N; + 1, andthetotal buffer spacerequired
in the schedulelis simply B = Zf‘il B;. Let D;; denotethe
maximaldelayexperiencedy acell of connection; arriving at
the schedulemttime t. Thedelayis relatedto thetime it takes
to clearthe serviceclassbuffer B;. We have

B;

w;C”’

whereW; is the serviceclassweightandC is theline capacity
Thuswe get

-Dij S (6)

N; +1
et (7)
Using Egs. (7,1), we canfinally calculatethe GCRA pa-
rameterswhich shouldbe usedby the rate controllerin order
to ensureconformanceof the streamleaving the switch. Con-
siderastreanyj, of serviceclassi which shouldleave theswitch
conformingto (R, N*). Supposehatthe regulatorshapeshe
streamto conformto (R, N'). Clearly, the maximalnumberof
cellsfrom streamj, which may be leaving togetherthe sched-
ulerisatmostN' + RD;,, whereD;; is givenby Eq. (6). Thus,
the streamj, shouldbe shapedvith

D;; <

N'= N*—-RD;;. (8)
This correspondso ashapers GCRA L-valueof
L N;+1
(2 - T ) -0, ©)

whereL* is therequiredL parameteof the streamleaving the
switch, ¢ is the cell transmissiortime, I is thereciprocalof the
line averagespeed.

VI. PERFORMANCE EVALUATION

In this sectionwe evaluatethe performanceof the GCRA
shapingin a simplenetwork. The network modelwe usecon-
sistsof aline of m switches(seeFigure5 for a schematiaep-
resentationof a network with m = 4). This line is the path
of a singleconnectiornwe examine,calledthe focusconnection
henceforth.In eachswitch, other connectionsare multiplexed
into the output link with variousinput and shapingparame-
ters. Specifically we have threetypesof connectiongdenoted
by A, B andC (seeTablel). Eachtraffic sourceconformsto
GCRA(I;y,, L;y,) with the given parametersand the regulator
shapeshemto conformto GCRA(I, L) asgiven. The focus
connectionis of type A (settingthe sourceto be of anotheitype
doesnot affecttheresultsin a significantway). In eachswitch,
weinjectfreshtraffic streams9 of typeA, 10 of typeB, and10
of type C (sothatin eachlink, thereare30 streamsoverall). All
streamsexceptthe focusconnectionleave the systemafterone
hop (oncetheir conflictswith thefocusconnectiorareresohed,
their effectis negligible).
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Fig. 5. Network modelusedin simulationswith 4 switches.End-to-enddelay

andcell spacingweremeasureanly for thefocusconnection.

TABLE |
CONNECTION PARAMETERS TESTED

shapedraffic (1, L)
Type | (Lin,Lin) | 50%Lin | 25%Lin | 5%Lin
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 sourcesaregeneratedhy astochastion/off process
with GCRA (I, Lin) parametersTheideais thatthe process
emulatesa sourcewhich generatepaclets: the L;, parame-
ter correspondso the paclet size,andthe I;,, parametecorre-
spondsto the averagerate. To control the interactionbetween
connectionsthe arriving time of eachpacletis uniformly dis-
tributedbetweerD andthe connectiorperiod L;,, / I;y, .

In this setting,abacklogof non-conformingcellsmaybegen-
eratedin the input buffers since L;,, > L, i.e., the regulator
shapesghe outgoingtraffic to be smootherthan the incoming
traffic. Temporarycongestiorin the outputbuffersmaybe cre-
atedwhenpacletsfrom severalstreamarrivesatthesametime.
We measuredhe performanceof the GCRA shapelin termsof
buffer occupang, end-to-enddelay andinter cell arrival time
at the destination. The delaysand the inter-cell arrival times
weremeasurednly for thefocusconnection We presentesults
for variousvaluesof the shapers L value,modelingthe bursti-
nessof the shapedraffic. We comparedL valuesrangingfrom
L = L;,/2 (correspondingo roughshaping)to L = L;, /20
(correspondingo smoothshaping).The (I, L) valueswe tested
aresummarizedn Tablel.

We presentresultsfor a simple FCFSscheduler(resultsfor
the 2-priority casecan be found in [5]). Figure 6 shaws the
buffer requirementnsidethe network for the focusconnection.
We remarkthatsmallerL valuesat the shapereducethe buffer
spacerequiremenidramaticallyat all switchesexceptthe first
[5].

An importantconsequencef spacereductionfor smoother
traffic is that the end-to-enddelay was reducedas well when
moreaggresaie shapinghasbeenenforcedby the switchregu-
lators,ascanbe seenin Figure7. This resultis consistentthe
moreswitcheswe have, the betterreductionin end-to-endlelay
we get—sed-igure8.

Switch 1 Buffer Size

50% Lin
25% Lin
—————— 5% Lin

Butfer Size (cells)

5
1]
%
3
5
&%
0
%
6
g7 £
313
39

Time (cell slots)

Switch 4 Buffer Size

50% Lin
— — — 25% Lin

Buffer Size (cells)

Time (cell slots)

Fig. 6. Buffer occupang in thefirst andfourth switchesfor differentvaluesof
thesmoothingparameted..

— — — 50% Lin
------ 25% Lin

5% Lin

Transmission Delay (cell slots)

Time (cell slots)

Fig. 7. End-to-enddelayfor differentL valuesafter4 switches.

Thisfactis alsoconspicuouin Figure9, wherethe buffer oc-
cupang of thescheduleris plotted. The schedulers buffer rep-
resentghelink congestionwhich is muchlower for smoothed
traffic.

Our last setof resultsfor the no priority caseconcernsthe
inter-cell spacingvalues,.e.,thejitter (Figure10). Consistently
with our previous obsenations,we seethatthe cell spacingin
a typical time interval at the 4th link is much betterwhenthe
streamsaarehighly regulated.

VIl. RELATED WORK

Much researcteffort was devotedto rate control over high-
speednetworks. Zhang[10] providesan excellentsuney. We
briefly discusdaterpapersvhich aremostrelevantto ourwork.

In [6], a comparisonis made betweentwo non-work-
conservingdraffic shapingalgorithms Stop-and-G¢4] andRate
Control Static Priority (RCSP)[11]. They proposeto usethe
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Fig. 9. Buffer occupang of thelink schedulein the 4th switch.

(0, p) leaky bucket asa traffic shaperbut they do not discuss
theimplementatiordetails.

In [10], Zhang proposesan implementationof a regulator
basedon a modified versionof calendamueue[1]. In Zhangs
algorithm, eachentry in the calendarcontainslinked lists of
cells, onelist for eachpriority class. Every “tick,” all lists of
the currententry are submittedto the scheduler In this algo-
rithm, sincethe lists consistof cells it is completelypossible
(in fact,it is usuallythecase) thatmorethanonecell associated
with oneconnectionwill be pointedto by the calendar There-
sultis thatwhena long burst of cells for a specificconnection
arrives, the cells belongingto that burst may wrap aroundthe
calendarthusbreakingthe FIFO ordet The simplesolutionis
to have a sufficiently large calendar In our solution, however,
the basicschedulingentity is a connection This hastwo ad-
vantagesFirst, sinceeachconnectiormay appeaiat mostonce
in the calendarone can easily smoothlarge bursts. In our al-
gorithm, the size of the calendaris not dominatedby the time
requiredto smooththe largestburst, but ratherit is determined
by the inter-cell arrival time of the slowestconnection Under
realisticcircumstanceshelatteris usuallysmallerthanthefor-
mer. In addition,in our algorithm,the spaceoverheadrequired
for implementinghelist structureis proportionato the number
of connectionswhichis muchbetter

Anotherwork closelyrelatedto oursis [8], whereafair leaky-

Inter Cell Spacing

———50% Lin — — — 25% Lin
—————— 5% Lin

180
160 |
140
120 +
100 +
8o |
60 |
a0 |
20 + -7

Cell Spacing (cell slots)

©

Time (cell slots)

Fig.10. Cellinterarrival timesfor differentL values.Thestandardleviation of
theinterarrival timesare9.81for L = 5%L;,, 15.84for L = 25%L;,
and32.76for L = 50%L;y,.

bucket rate controlleris proposed. One of the main architec-
tural featuresof [8] is that shapingand schedulingare inte-
grated.Fairnesss achiezedby interleaving conformingcellsin

the schedulerOur implementationpy contrastdecouplegraf-

fic shapingrom link schedulingwhich givesour designseveral
adwantages First, we cansupportarbitrary priority policies: it

is not clearhow canonedo thatin the algorithm proposedn

[8]. Secondlyour algorithmallows for simple analyseof the
requiredbuffer spaceand queuingdelays,usingstandardech-
nigues. Moreover, we give explicit constructionfor dual leaky

bucketsrequiredfor VBR-type connectionsaand simulationsof

multiple switch network.
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