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Abstract: Multipoint-to-multipoint communicationcanbeimplementedbycombiningthepoint-to-multipoint

andmultipoint-to-pointconnectionalgorithms.In anATM multipoint-to-pointconnection,multiple sources

senddatato the samedestinationon a sharedtree. Traffic from multiple branchesis merged into a single

streamafterevery mergepoint. It is sometimesimpossiblefor thenetwork to determineany source-specific

characteristicssinceall sourcesin the multipoint connectionmay usethe sameconnectionidentifiers. The

challengeis to developa fair rateallocationalgorithmwithout per-sourceaccountingasthis is inequivalent

to per-connectionor per-flow accountingin thiscase.

Wedefinefairnessobjectivesfor multipointconnections,andwedesignandsimulateanO(1) fair ATM-ABR

rateallocationschemefor point-to-pointandmultipointconnectionssharingthesamelinks. Simulationresults

show that the algorithmperformswell and exhibits many desirableproperties. We list key modifications

necessaryfor any ATM-ABR rateallocationschemeto fairly accommodatemultiplesources.

1 Intr oduction

Multipoint communicationis the exchangeof informationamongmultiple sendersandmultiple receivers.

Thebasicadvantageof multicastis that it allows economiesof scale,especiallyafter treesaturation[4, 19].

Multipoint supportin AsynchronousTransferMode (ATM) networks is essentialfor efficient duplication

and synchronizationof data. Examplesof multipoint applicationsinclude audio and video conferencing,

andserver andreplicateddatabasesynchronization(seefigure1). Multipoint-to-pointconnectionsareespe-
�
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cially importantfor overlayingInternet(IP) networks andsimplifying endsystemsandedgedevices [22].

In multipoint-to-pointconnections,only oneconnectionneedsto be setup even if therearemultiple data

sources.

Figure1: ATM multipointcommunication

Several issuesneedto be addressedin the ATM multipoint servicedefinition, suchas routing, signaling,

andtraffic management.In this paper, we focuson traffic managementissuesin thecaseof multiplesources.

Specifically, wetacklethedefinitionof fairness,andthecongestionandfeedback control problemfor multipoint-

to-pointconnections.Theseparateproblemof consolidatingcontrolcellsis not tackledin this paper(see[6]

for ananalysisof thesolutionsto feedbackconsolidation).

ATM networks currentlyoffer two servicecategoriesfor datatraffic: the availablebit rate(ABR) andthe

unspecifiedbit rate(UBR) services,in additionto guaranteedframerate(GFR).Capacityleft over by real-

time traffic is fairly divided amongactive ABR sourcesand indicatedto the sourcesthroughclosed-loop

feedbackcontrol[7]. Themostcommonlyadoptedfairnessdefinitionis max-minfairness[1, 11]. Intuitively,

this meansthatall sourcesbottlenecked at thesamenodeareallocatedequalrates(or weightedrates).This

definition was developedfor point-to-pointconnections,and in this paper, we extend it for multi-sender

connections,anddiscussthedevelopmentof adistributedalgorithmto achieve fairness.

Multipoint-to-pointABR connectionsrequirefeedbackto bereturnedto theappropriatesourcesat theappro-

priatetimes.Thebandwidthrequirementsfor a virtual connection(VC) aftera mergepoint is thesumof the

bandwidthsusedby all sourceswhosetraffic is merged(seefigure2). This is becausetheaggregatedatarate

aftera mergepoint is thesumof all incomingdataratesto themergepoint [12]. Consolidatingcontrolcells

in theforwarddirectionis notnecessarysincetheratioof controlcellsto datacellsaftermergingremainsthe

same.

Wehavedefinedseveraltypesof fairnessfor multipoint-to-pointVCsimplementedassharedtrees[5]. Among

these,we believe thatweightedsource-basedfairnessis themostpreferredbecauseit is a simpleandlogical

extensionof point-to-pointfairnessdefinitions.To computesource-basedfair allocations,a single
�

-to-one

connectionis treatedas
�

one-to-oneconnections(in termsof bandwidthallocation),regardlessof whichVC
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Figure2: Multipoint-to-pointconnections

eachsourcebelongsto.

A source-basedfair algorithmmustgive thesame(or proportional)allocationto all sourcesbottlenecked on

thesamelink. Source-basedfairnessin someswitchimplementationsposesdifficulties,sincesourcesin the

sameVC cannotbedistinguished(they havethesameconnectionidentifier).Thechallengesfor rateallocation

algorithmsin this caseincludeavoiding per-sourceaccountingandavoiding estimatingthenumberof active

sources.Thismustbedonewithoutadverselyaffectingtransientresponseor increasingrateoscillations.

Theremainderof thispaperis organizedasfollows. First,wegivesomedefinitionsanddiscusstheVC merge

techniquefor avoiding cell interleaving in multipoint connections.Then, we summarizerelatedwork on

multipoint-to-pointfairnessandalgorithms.We definemulti-senderfairnessusinganexample. In section4

wedeveloptherateallocationandmergepointalgorithmsfor multipointconnections,andexaminetheir fea-

tures.Weanalyzetheperformanceof thealgorithmin section5, andconcludewith asetof recommendations

for rateallocationschemesto supportmultiplesources.

2 Preliminaries and RelatedWork

In this section,we give somebackgroundon the problemof ABR multipoint flow control. We distinguish

connections,sourcesandflows, discussVC merging andABR flow control, anddiscussprevious work on

multipoint-to-pointalgorithms.

2.1 Connections,Sourcesand Flows

Definition: A component��� is saidto bedownstreamof anothercomponent��� in acertainconnectionif ��� is

on thepathfrom ��� to thedestination.In thiscase,��� is saidto beupstreamof ��� . �
Figure 3 shows a configurationwith two virtual connections(VCs). One of the VCs is a point-to-point

VC, while the other is a multipoint-to-pointVC. The sourcesin the multipoint-to-pointVC are indicated
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Figure3: SourceversusVC versusflow

by dark-coloredcircles,while thesourcein thepoint-to-pointVC is denotedby the light-coloredcircle. At

the secondswitch, traffic from four sources,but only two VCs, is beingswitchedto theoutputport. Note,

however, that the secondswitch candistinguishthreeinput flows (the point-to-pointconnection,and two

flows of the multipoint-to-pointconnectioncoming throughdifferent interfaces). The two sourceswhose

traffic wasmergedat thefirst switchconstitutea singleflow at thesecondswitch,assumingthatthey cannot

bedistinguisheddownstreamof their mergepoint. Thus,two of the input flows thatcanbedistinguishedat

thesecondswitchbelongto thesameVC, while thethird flow belongsto a differentVC. Thesecondswitch

mergesthetwo flowsof thesameVC into asingleflow.

2.2 VC Merging

In ATM networks, the virtual pathidentifier (VPI) andvirtual connectionidentifier (VCI) fields in the cell

headerareusedto switchATM cells. TheATM adaptationlayer(AAL) at thesourcesegmentspacketsinto

ATM cells,markingthelastcell of eachpacket. TheAAL at thedestinationusestheVPI/VCI fieldsandthe

endof packet marker to reassemblethedatafrom thecellsreceived.

ATM adaptationlayer 5 (AAL5), which is usedfor mostdatatraffic, doesnot introduceany multiplexing

identifieror sequencenumberin ATM cells. If cellsfrom differentsourcesaremergedandinterleavedon the

links of amultipointconnection(implementedasasharedtree),theAAL5 at thedestinationcannotassemble

thedata.This is becauseall traffic within thegroupusesthesameVPI/VCI, andtheidentity of thesourceis

not indicatedin eachcell. TheAAL5 layerusestheend-of-messagebit to determinetheendof eachpacket,

but sincethe cells of differentpackets are interleaved, all the packets may get corrupted,as illustratedin

figure4 (theend-of-messagebit valueis shown above eachATM cell in thefigure).

Figure4: Thecell interleaving problem
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Oneof thesolutionsproposedto this problemis theVC mergeapproach.This approachbuffers thecellsof

packetscomingthroughotherinterfacesattheswitchuntil all cellsof thecurrentpacketgothrough(see[9] for

a descriptionof thetechniqueand[25] for ananalysisof its performance).Thus,a packet-basedscheduling

algorithmis implementedat themergepoint,andseparatequeuesaremaintainedfor eachflow (whereaflow

is definedasthe cellsof a VC comingon an input link). Theend-of-messagebit signalsto theswitch that

a packet from a differentport cannow beforwarded.In this paper, wefocuson VC merge implementations,

where cells from different sourcesare indistinguishable,sincethis is the mostdifficult casefor bandwidth

allocationalgorithmsto handle.

2.3 ABR Flow Control

Theavailablebit rate(ABR) serviceperiodicallyindicatesto sourcestherateat which they shouldbetrans-

mitting. The feedbackfrom the switchesto the sourcesis indicatedin resourcemanagement(RM) cells

generatedby the sourcesandturnedaroundby the destinations(figure 5). The RM cells flowing from the

sourceto thedestinationarecalledforward RM cells (FRMs)while thosereturningfrom thedestinationto

thesourcearecalledbackwardRM cells(BRMs).

Figure5: Resourcemanagementcellsin anATM network

TheRM cellscontainthesourcecurrentcell rate(CCR),in additionto severalfieldsthatcanbeusedby the

switchesto providefeedbackto thesources.Feedbackcanbejustoneor two bits,or it canbetherateatwhich

thesourceshouldtransmit,calledtheexplicit rate(ER).Whena sourcereceivesa BRM cell, it computesits

allowedcell rate(ACR)usingits currentACRvalue,thecongestionindicationbits,andtheexplicit ratefield

of theRM cell.

2.4 Previously ProposedABR Multipoint-to-P oint Algorithms and Multicast FairnessStud-

ies

Traffic managementrulesfor multipoint-to-pointconnectionsarestill in their earlyphasesof definition[21,

20, 2, 18]. RenandSiu[21, 20] havedescribedanalgorithmfor multipoint-to-pointcongestioncontrol,which

assumesthat VC merge is employed. The algorithmoperatesasfollows. A bit is maintainedat the merge

point for eachof theflowsbeingmerged.Thebit indicatesthatanFRM hasbeenreceivedfrom thisflow after

aBRM hadbeensentto it. Therefore,whenanFRM is receivedat themergepoint, it is forwardedto theroot

5



andthebit is set. Whena BRM is receivedat themergepoint, it is duplicatedandsentto thebranchesthat

have their bit set,andthenthebits arereset.We implementthis algorithmasexplainedin section4.2, and

show simulationresultsin section5.

In their papers[21] and [20], Ren and Siu only show simulationresultsfor simple LAN configurations.

We discussmorecomplex problemsandmany generalalgorithmdesignissuesthat arisein all multipoint

algorithms,andshow moresimulationresultsfor our proposedsolutions.Furthermore,RenandSiu’s work

doesnot clearlystatewhich typesof rateallocationalgorithmstheproposedmultipoint extensionworksfor.

In fact,theextensiondoesnot work for many popularABR schemesthatperformperVC accounting,since

this is no longerequivalentto per-sourceaccounting.

Recentlymorecomplex algorithmshave beendeveloped[2, 18] for multipoint-to-pointandmultipoint-to-

multipoint connectionsrespectively. Thealgorithmin [2] aimsat fairnessamongthesourcesasin [21]. The

algorithmin [18] addsaweightin RM cellsto allow scalingof theratesto give theappropriateallocationsto

sources.Thethroughputof a unicastsourceis givena pre-determinedweightwith respectto thatof a sender

in a multicastsession.This techniqueaddsmoreflexibility at the expenseof complexity in RM cells and

processing.Weightassignmentis alsoverydifficult.

Multicastpricing in thecontext of theInternethasrecentlybeenstudiedin [4, 19]. Thesestudiesquantifythe

costof multicastrelative to unicast,andfind thatthenormalizedcostof themulticasttreeis
�
	

where
�

is

themulticastgroupsizeand � is theeconomiesof scalefactor, experimentallydeterminedto beapproximately

0.8beforetreesaturation.Recentstudiesonmulticastfairness,pricingandcongestioncontrolin theInternet

mainly focusonone-to-many communication[10, 24, 13, 8, 17].

3 Multi-Sender FairnessObjectives

Throughoutthe restof the paper, we usemax-minfairnessasthe underlyingfairnessdefinition. However,

the multicastobjectives we give apply for any underlyingdefinition, e.g., generalweightedfairnesswith

minimum rateguarantees[23]. Max-min fairnessmeansthat no connectioncanbe allocateda higherrate

withouthurtinganotherconnectionhaving anequalor lower rate.Wedefineanetwork configuration asaset

of sources,destinationsandswitches,interconnectedwith links of givendistancesandbandwidths,anda set

of virtual connections.Weusethefollowing notation:

� denotesthenumberof sourcesin agivenconfiguration


 � denotestheallocationgivento the ����� sourcein agivenconfiguration
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Source-based.Source-basedfairnessallocatesbandwidthfairly amongall sources,regardlessof which VC

eachsourcebelongsto. Each
�

-to-oneconnectionis treatedthesameas
�

one-to-oneconnections.

Definition: Source-basedfairnessdividesbandwidthfairly amongactive sourcesasif they weresourcesin

point-to-pointconnections,ignoringgroupmemberships.

The allocationvector � 
�����
�������������
��� is determinedby applyingthe underlyingfairnessdefinition for all

active sources
 � . �
Note,however, thatthebandwidthallocatedto amultipoint-to-pointVC with

�
concurrentsourcesall bottle-

neckedon a certainlink would be
�

timesthebandwidthfor a point-to-pointVC bottleneckedon thatsame

link, and
�"!$#

timesthatfor a
#

-sourcemultipoint-to-pointVC bottleneckedon thesamelink.

Figure6: Examplemultipoint-to-pointconfigurationwith anupstreambottleneck

The fairnessdefinition canbe explainedusing the following example. Figure6 illustratesa configuration

with two VCs: oneof the VCs is a multipoint-to-pointVC with four sourcesandonedestination,andthe

other is a point-to-pointVC. Sources% � , % � , %'& and %)( aresendingto destination*+% � , andsource%', is

sendingto destination*+%', . All links areapproximately150Mbps(afterSONEToverheadis accountedfor),

exceptfor the link between%.-/�102��3 � and %.-4�105��3 � ( 687 �
# � ) which is only 50 Mbps. Clearly, sources% � ,
% � and %', arebottlenecked at 687 �
# � , while sources%'& and %)( arebottlenecked at 697 �
# & . The aim of

this exampleis to illustratetheallocationof thecapacityleft over by sourcesbottleneckedon 697 �
# � to the

sourcesbottleneckedon 687 �:# & .
Theallocationvectoraccordingto thesource-baseddefinitionis:

�$% ��� % ��� %'& � %)( � %',  <; � 16.67,16.67,58.33,58.33,16.67 
Thisis becauseeachof sources% � , % � and %', is allocatedonethirdof thebandwidthof 687 �:# � . At 697 �
# & ,
the =�>@? �

&BADCEC � CEC Mbps usedby sources% � and % � is subtractedfrom the availablebandwidth,andthe

remainingcapacity(116.67Mbps)is equallydividedamongsources% & and % ( .
Otherfairnessobjectives,e.g.,thosein [5], arealsopossible.Thechoiceof thetypeof fairnessto adoptrelies

ontheapplicationtype,andpricingmethodsused.Weprefersource-basedfairness,asit is anaturalextension

of point-to-pointfairnessdefinitions. In addition,it is the simplestto implement,anddoesnot suffer from

beat-down problemsaswith flow-basedsolutions.The inter-connectionunfairnessdiscussedabove is not a
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majorproblemsincethenumberof concurrentsendersin themultipointconnectionis usuallysmallin typical

applications(e.g.,onespeaker at a time in anaudioconference).Weightscanalsobeusedto eliminateany

unfairness.Pricingcanbebasedonsourcesin thiscase.In theremainderof thispaper, wediscussandanalyze

thedevelopmentof analgorithmto achieve source-basedfairness.

4 The Algorithm

We first discussthe rateallocationalgorithm,andthenthe merge point algorithm. Thenwe discusssome

designissues.

4.1 RateAllocation Algorithm

Rateallocationalgorithmsareemployed at every network switch to computeand indicatethe appropriate

feedbackto thesources.Thealgorithmwe discussis basedupontheERICA+ rateallocationalgorithm[15].

However, we eliminateall thestepsthatrequiredper-VC accountingin ERICA+. Thereasonfor this is that

ratealgorithmsperformper-VC accountingasif it wereper-sourceaccounting.Per-sourceaccountingmust

beavoidedfor compatibilitywith VC mergeswitchesandfor scalability.

Thealgorithmusesa measurementinterval to measurethequantitiesrequiredfor computingtheratealloca-

tion. At the endof every interval, the algorithmaveragessomeof the quantitiesmeasured,andusesthese

quantitiesto give theappropriatefeedbackto thesourcesin thefollowing interval. Thealgorithmmeasures:

(1) theABR input rateto eachport,and(2) theavailablecapacityoneachlink, subtractingthecapacityused

by higherpriority classessuchasVBR. It alsocomputesa functionof thequeueingdelayandusesits value

to scaletheavailablecapacity(in orderto leavesomeof thecapacityfor thequeuesto drain).Theratioof the

(average)measuredinput rateto the(average)mesauredtargetcapacityis calledtheoverloadfactor.

Thealgorithmalsousesthecurrentcell rate(CCR)of thesources,asindicatedin theFRM cells. In addition,

it keepstrackof themaximumexplicit rateindicatedto all sourcessendingto thisportduringeachinterval.

The overloadis comparedto 1+F (usually F is setto 0.1). If the overloadis greaterthan1.1, which means

thereis highoverload,thealgorithmscalesdown thecurrentcell rateof theconnectionby theoverloadfactor.

Otherwise,if thereis underload(overloadis GIH<JKF ), thealgorithmalsousesanadditionalquantity. This

quantityis themaximumallocationallocatedduringthepreviousinterval. Bringing up all allocationsto this

quantityensuresthatall connectionsgetfair ratesaccordingto thespecifiedweights.

In thepseudocodebelow, therearetwo optionsthatarenot necessaryfor thealgorithm,but helpreducerate

fluctuationsin somecases(especiallywhenthemeasurementinterval valueis very small). Thefirst option

(which we labeloption1) doesnot usethemostcurrentCCRvaluefrom FRM cells,but usesthemaximum
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of theCCRvaluesseenin FRMsin thecurrentinterval. Thisoptionis usefulwhentherearemultiplesources

in thesameVC, asexplainedin thenext subsection.Thesecondoption(option2) usesexponentialaveraging

for themaximumERgivenin thepreviousinterval to smoothoutvariations.

The algorithmexecutesfor eachoutputport: whenanFRM cell is received, whena BRM cell is received,

andat theendof eachmeasurementinterval. Thealgorithmis O(1) andits complexity is independentof the

numberof connectionsandthenumberof sources.Sincethecalculationsof theinput rate,targetcapacityand

overloadfactorarethesameasin theERICA+ algorithm,weonly briefly outlinethesehere.

FRM cell is received for VC L :
(currentcell rate)� ; CCRfield from theFRM cell

Or asanoption(option1: maximumCCRoption):

IF (first FRM in interval)� = TRUE THEN

(currentcell rate)� ; CCRfield from theFRM cell

(first FRM in interval)� ; FALSE

ELSE

(currentcell rate)� ; maximum(CCRfield from theFRM cell, (currentcell rate)� )
END

BRM cell is to besentout for VC L :
IF (overloadfactor M 1+F ) THEN

ER ; (currentcell rate)� /overloadfactor

ELSE

ER ; maximum((currentcell rate)� /overloadfactor, maximumERin previousinterval)

END

ER ; minimum(targetcapacity, ER)

maximumERin currentinterval ; maximum(ER,maximumERin currentinterval)

ER in BRM cell ; minimum(ER,ER in BRM cell)

End of measurementinterval:

target capacity ; exponentialaverageof (acrossintervals) of link capacityminusCBR andVBR capacity,

scaledfor queuesto drainby usinga fractionalfunction(referto [15])

input rate ; exponentialaverage(acrossintervals)of totalABR inputcellsbeingswitchedto thisoutputport

overloadfactor ; input rate/targetcapacity

N L (first FRM in interval)� ; TRUE
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maximumERin previousinterval ; maximumERin currentinterval

Or asanoption(option2: averaging themaximumERin previousintervaloption):

maximumERin previousinterval ;
(1-O ) ? maximumERin currentinterval + OP? maximumERin previousinterval

maximumERin currentinterval ; 0

Notes:

1. Theinput rate,targetcapacity, overloadfactor, maximumER in currentinterval andmaximumER in

previous interval arecomputedandstoredfor eachoutputport. The“first FRM in interval” (if used)

andthe“currentcell rate”arestoredfor eachVC for eachoutputport.

2. In our simulations,theparameterF is setto 0.1, andtheparameterO is alsosetto 0.1. Thesearethe

recommendedvaluesfor theseparameters.

3. The“averagingof maximumERin previousinterval” option(option2) slightly reducesrateoscillations

in somecases.It is notessentialif its implementationcomplexity is high.

4. ThemaximumCCRoption(option1) alsoreducesrateoscillationsin casesof extremelysmallaverag-

ing interval values( Q 200 R sfor ratesabout10Mbpspersource).It is alsounnecessary. Exponentially

averagingthemaximumCCRvaluesacrossintervalsmight furtherimprove theperformance.Thenext

subsectiondiscussestheusageof CCRin moredetail.

In [15], we give a proof that this algorithmconvergesto themax-minfair ratesfor a singlebottleneckcase.

Themainideaof theproof is thatthealgorithmis fair becauseit allocatesall sourcesbottleneckedat thesame

link theexactsamerates.In addition,thealgorithmconvergesto ratesthatresultin anoverloadfactorvalue

closeto one,becausetheratesarescaledby theoverloadfactor.

4.2 MergePoint Algorithm

This algorithm is the sameas the multipoint-to-pointalgorithm developedby Ren and Siu in [20]. The

algorithmis employed at every merge point wherecells from differentsourcesin the samemultipoint-to-

point VC arebeingmergedandfollow thesamepathto thedestination.We first give thepseudocodefor the

algorithm,andthendiscusssomepropertiesof thealgorithm.

A flag(canbeonebit) calledReadyis maintainedfor eachof theflowsbeingmerged.Theflag indicatesthat

anFRM cell hasbeenreceivedfrom thisflow afteraBRM cell hadbeensentto it.

Upon the receiptof an FRM cell fr om branch � :
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1. ForwardFRM cell to theoutgoinglink

2. Let Ready� = TRUE

Upon the receiptof a BRM cell fr om the root:

FORALL upstreambranchesDO

IF Ready� = TRUE THEN

Sendacopy of theBRM to branch�
Let Ready� = FALSE

END

END

When a BRM cell is about to bescheduled:

Performtherateallocationalgorithmasdescribedin theprevioussection

Reference[20] givesa proof by inductionon the numberof levels of the multipoint treeto show that this

algorithmgivesfair allocationsfor multiplesourcesif therateallocationalgorithmemployedgivesmax-min

fair allocations.

4.3 RateAllocation DesignIssues

As previouslymentioned,rateallocationalgorithmsfor multipoint-to-point(or multipoint-to-multipoint) con-

nectionsmaynotbeableto distinguishcellsfrom differentsourcesin thesameVC. Thusthey cannot:(1) use

thenumberof establishedconnectionsasanindicationof thenumberof sources,(2) measureor estimatethe

rateof eachsource,(3) distinguishbetweenoverloadingandunderloadingsources,or computethenumberof

overloadingsources,(4) estimatetheeffectivenumberof activesources.Suchtechniquesareusedin many of

thepopularpoint-to-pointswitchschemes,suchastheMIT scheme[3] andtheUCSCscheme[14].

Most switch schemesalso usethe currentcell rate of the sourcesin the computationof the explicit rate.

Algorithms which usethe CCR valuesnoted from backward RM cellsare not fair for multipoint-to-

point connections. This is becauseit maybeimpossibleto determinewhich sourcetheRM cell belongsto.

TheCCRvaluein theBRM cellsat themergepointmaynotcaptureupstreambottleneckinformationfor any

of theflows whosetraffic is beingmerged,sinceit mayactuallybetheCCRof a downstreamsourcewhose

bottleneckrateis high. Weexplain thisnext.

Lemma 1: Algorithmswhich usetheCCRvaluesnotedfrombackward RM cellsare not fair for multipoint-

to-pointconnections:SUT AWVYX1Z[Z T]\�^�_a` is notnecessarilymax-minfair.

Proof Sketch: Theproof is by counter-example.We give a casewhereanalgorithmusing Z[Z T \b^�_ gives

unfair allocations.Supposea multipoint-to-pointVC hastwo sources,oneof which hasa bottleneckrateof
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58 Mbps,andtheotherhasa bottleneckrateof 16 Mbps,andthetwo sourcesarebeingmergedat a switch.

Figure6 showsanexamplewhereat %.-4�105��3 � , % � (and % � ) of rate16Mbpsand % & of rate58Mbpsarebeing

merged(we will simulatethis casein sections5.2.2to 5.2.4). Thesourcewhich is bottlenecked at 16 Mbps

(say % � ) sharesits bottlenecklink with a point-to-pointconnection( %', to *+%c, ). At themergepoint, BRM

cellsof thehigherratesource(the58Mbpssource)aremorefrequentlysentto all thesourcesin thisVC being

mergedwith ahighERvalue(sincetheCCRis assumedto be58Mbps).Thiscanresultin over-allocationto

thelower ratesource(s)beingmerged,andunfairnessto thepoint-to-pointconnection. �
Hence,algorithmsthatusetheCCRvaluefor ratecomputationmustusethevalueof theCCRindicatedin

FRM cells for computationwhena BRM cell is received. This is the mostup-to-datevalueof CCR,since

theCCRin theBRMsmaybestaleaftertraveling all theway to thedestinationandback.TheCCRvaluein

theFRM cellsat themergepoint capturesupstreambottleneckinformationfor oneof theflowswhosetraffic

is beingmerged. TheFRM cellsof thesourcesbeingmerged,however, maystill be indistinguishableat the

merge point. In theremainderof this section,wearguethat this doesnot affect theconvergenceandsteady

statebehaviorof thealgorithm.

Lemma 2: Algorithmswhich usetheCCRvaluesnotedfromforward RM cellscancomputestatisticallyfair

allocationsfor multipoint-to-pointconnections.

Proof Sketch:

Sincetheguaranteedfairnessis statistical,theproof is alsostatistical.Assumethat therearetwo flows %'dfehg
and % � �ji � beingmerged. We will briefly examinethesituationwhentheforwardCCRusedto computethe

ERfor aflow is not theCCRcorrespondingto thatflow.

CASE 1:

WhencomputingtheER for %'dke5g , if theCCRof % � �ji � is used,thentheER computedfor %cdke5g will be too

high. But %'dke5g is bottleneckedupstreamof themergepoint (otherwiseits bottleneckratewill notbelessthan

that for % � �li � , since %'dfe5g and % � �li � mergeat themergepoint andnever split after that),so theER given to

%'dke5g at themergepointwill beoverwrittenby upstreamswitches.

CASE 2:

For the casewhenthe CCR of %cdke5g is usedto computethe ER for % � �li � , first considerthe algorithmwith

themaximumCCRoption. Theonly situationwhentheER for % � �li � is calculatedbasedupontheCCRfor

%'dke5g is whenonly FRM cellsof %'dke5g have beenseensincethebeginningof thecurrentinterval. (Note that

if no FRM cells have beenseenat all, the CCR valueusedis the maximumseenin the previous interval,

which will be the CCRof the higherratesource% � �li � unless% � �li � is sendingat a very low rate,in which

casetheschemeshouldnot allocateit high rates:seethediscussionin [16] for moredetailson handlinglow

ratesources.)Since % � �li � hasa higherrate, it hasa higherfrequency of FRM cells, so it becomeshighly
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improbablefor this to hold.

This
m

argumentcanbeextendedfor thealgorithmwithout themaximumCCRoption. In this case,insteadof

the smallerCCRbeingusedwhenonly FRM cells from the lower ratesourcehave beenseenso far in this

interval, it is thelastFRM cell receivedthatdeterminestheCCRused.But,again,sincethehigherratesource

hasa higherFRM rate,it is statisticallyunlikely for thesmallerCCRto beused.ThemaximumER in the

previousinterval termensuresthatif thesmallCCRis in factused,thesourceis allocatedat leastasmuchas

otherVCsgoingto thesameoutputport,whichensuresfairnessandfastconvergence. �

4.4 MergePoint DesignIssues

Therearea numberof waysto implementmultipoint-to-pointmergepoint algorithms.Eachmethodoffersa

tradeoff in complexity, scalability, overhead,responsetimeandsteadystatebehavior.

In theabovealgorithm,aBRM cell is returnedto asourcefor everyoneor moreFRM cellsit sends.Thusthe

BRM to FRM cell ratioat thesourceis lessthanor equalto one.In steadystate,theratio is likely to approach

one,sincetheFRM rateandBRM ratewill besimilar. This is animportantpropertyof ABR flow controlthat

shouldbemaintainedfor multipoint-to-pointconnections.TheBRM to FRM ratio in thenetworkis alsoone

in thiscase.(If FRM cellsareturnedaroundatmergepointsasin [21], thesameFRMscanbeturnedaround

at anothermergepointor thedestination,creatingBRM cellsthateventuallygetdiscardedin thenetwork.)

Also observe that in this scheme,sincethe merge point doesnot needto turn aroundevery FRM cell, the

overheadof the algorithmis reduced.However, the schemeneedsto duplicateBRM cells. With the new

advancesin multicastATM switcharchitectures,thisoperationcanbequiteefficient.

ThealgorithmweusereturnsaBRM cell receivedfrom therootto thebrancheswhichhavesentFRM cellsto

themergepointsincethelastBRM cell hadbeenpassed.Thismakestheschemelesssensitive to thenumber

of levelsof mergepoints,ascomparedto thoseschemeswhich turn aroundFRM cells (suchasthescheme

in [21]). This is becauseschemesturning aroundFRMs have to wait for an FRM to be received at every

mergepoint,sotheir responsetime increaseswith thenumberof levelsin thetree.In addition,theER value

returnedby suchschemesmaybeincorrectif no BRM cellshave beenreceivedsincethe lastonewassent,

leadingto rateoscillationsandpossiblylargequeuelengths.

5 PerformanceAnalysis

Thissectionprovidesasimulationanalysisof themultipointalgorithmdescribedin theprevioustwo sections.

Only afew simpleexperimentsareshown here;morestringenttestshavebeenconducted,andthepreliminary

resultsareconsistentwith thosepresentednext.
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Theresultsarepresentedin theform of four graphsfor eachconfiguration:

(a) Graphof allowedcell rate(ACR) in Mbpsversustime for eachsource

(b) Graphof ABR queuelengthsin cellsversustimeat thebottleneckport of eachswitch

(c) Graphof link utilization versustime for eachof the main (backbone)links (thosethat connecttwo

switchesto eachother)

(d) Graphof numberof cellsreceivedversustime for eachdestination

5.1 Parameter Settings

Throughoutourexperiments,thefollowing parametervaluesareused:

1. Exceptwhereotherwiseindicated(in sections5.2.2to 5.2.4),all linkshaveabandwidthof 155.52Mbps

(149.76MbpsafterSONEToverheadis accountedfor).

2. All multipoint-to-pointtraffic flowsfrom theleavesto therootof thetree.No traffic flowsfrom theroot

to theleaves,exceptfor RM cells.Point-to-pointconnectionsarealsounidirectional.

3. Exceptin section5.2.3wherewe experimentwith thesourceparameterrateincreasefactor(RIF), we

have setRIF to 1/32in our simulations.We do not, however, expecttheperformanceof thealgorithm

to besignificantlyinfluencedby thevalueof RIF, asseenin section5.2.3.

4. The sourceparametertransientbuffer exposure(TBE) is setto large valuesto prevent ratedecreases

dueto thetriggeringof thesourceopen-loopcongestioncontrolmechanism.This wasdoneto isolate

theratereductionsdueto theswitchcongestioncontrolschemefrom theratereductionsdueto TBE.

5. All otherABR parametersaresetto theirdefault values[7].

6. A dynamicqueuecontrolfunctionis usedto scaletheavailablecapacityandachieveaconstantqueuing

delayin steadystate[15]. The“target delay” parameterspecifiesthedesiredqueuingdelay. A value

of 1.5mswasused.An inversehyperbolicfunctionis used.Thehyperbolicfunctioncurve parameters

usedwere n A H � H�= and o A H . Thequeuedrainlimit factoris setto 0.5 (whichmeansthatup to 50%

of thelink capacitycanbeusedto drainqueues).

7. A fixedtimemeasurementinterval is usedto measureandaveragetheinput rateandavailablecapacity,

andto notethemaximumallocationgiven(andpossiblythemaximumCCRvaluein FRM cells). The

interval is setto 5 msin all experimentsexceptthosein section5.2.4.
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8. Sincewe do not implementVC merge in our switches,we only useonecell long packets. Our next

studywill implementVC mergeandexamineits effect.

9. All sourcesaredeterministic,i.e., their start/stoptimesandtheir transmissionratesareknown.

10. Simulationtime is two seconds.

11. The simulationsuseboth the maximumCCR option andexponentiallyaveragingthe maximumER

optionasdiscussedin section4.1.Wehavesimulatedall ourconfigurationswithoutusingeitheroption,

andwith eachoptionseparately, andthedifferenceswereinsignificant.We do not show theseresults

herefor spaceconsiderations.In particular, theresultswhenneitherof thetwo optionsis enabled,and

with extremelysmallmeasurementintervals (aswith thesimulationsin section5.2.4)showedthatthe

algorithmstill rapidly convergesto the optimal allocations,andthat the oscillations(thoughthey do

slightly increase)werenotsignificantlymorethantheresultsweshow in section5.2.4.

5.2 Simulation Results

In thissection,we discussa sampleof our simulationresults.Wemainlyusetwo configurations,andexperi-

mentwith differentlink lengths,initial cell ratesof thesources,rateincreasefactorvalues,andlengthsof the

measurementinterval.

5.2.1 DownstreamBottleneckConfiguration

Figure7: Examplemultipoint-to-pointconfigurationwith adownstreambottleneck

Figure7 illustratesa configurationwith two VCs: oneof the VCs is a multipoint-to-pointVC with three

sourcesandone destination,and the other is a point-to-pointVC. Sources% � , % � , and % & aresendingto

destination*+% � , andsource%c, is sendingto destination*+%c, . All links are149.76Mbps(OC-3 links after

SONEToverheadis accountedfor), andtheir lengthsareasshown in thefigure. Clearly, all four sourcesare

sharinga bottlenecklink ( 687 �
# & ) between%.-/�102��3p& and %q-/�102��3r( . This experimentshows thedivision of

thecapacityof thisbottlenecklink amongall sourcesin bothtypesof connections.

Applying thefairnessdefinitionamongsources,theoptimalallocationsshouldbe:

�$% ��� % ��� %'& � %',  <; � 37.5,37.5,37.5,37.5 
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Figure8: Resultsfor a WAN multipoint-to-pointconfigurationwith a downstreambottleneck(long LINK3,

low ICR)

Eachof thefour sourcesis allocated
�
( ?vH�=�> AwCyx � = .

Figure8 illustratestheresultsof simulatingtheabove configuration.Thesourcesstartwith anICR valueof

25 Mbps,which is below their optimalallocation.Clearly, all sourcesriseto their optimalratesquickly (fig-

ure8(a)),andthequeuesaresmall(figure8(b)). Thebottlenecklink ( 697 �
# & ) is fully utilized (figure8(c)).

687 �
# � is 50%utilized (sinceonly 2 of the4 sourcesutilize it) and 687 �
# � is only 25%utilized(1 outof 4

sources).

Observe that with source-basedfairness,VCs that have a larger numberof concurrentlyactive sourcesget

morebandwidththanVCs with lessconcurrentsourceson thesamelink. This canbeclearlyseenfrom the

slopeof thecellsreceivedgraph(figure8(d)) for *z% � and *+%', . Clearly *+% � hasa slopethatis threetimesas

largeasthatfor *+%', . After 2 seconds,theratio of cellsreceivedat *+%', to *+% � is around175000to 520000,

which is exactly1 to 3. Thustheresourceallocationis not fair amongtheVCs.

Figure 9 illustratesthe resultsof simulatingthe sameconfiguration(figure 7) when all sourcesstart at a
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Figure10: Resultsfor aWAN multipoint-to-pointconfigurationwith adownstreambottleneck(longLINK3,

differentICRs)

high ICR value. The ICR for all sourceshereis 100 Mbps. This createsan initial overloadon 687 �:# &
of (|{�{��} { = 2

�
& . The algorithmrecovers from this situationand all sourcesconverge to the correctvalue of

approximately37.5Mbps(figure9(a)).Thequeuesat %.-/�102��3p& startdroppingafterapproximatelyoneround

trip (figure9(b)).

Figure10 shows the resultsfor the sameconfiguration,but differentsourcesstartat different ICR values.

Sources% � and %'& startatanICR of 65Mbps,while sources% � and %', startat10Mbps.Noticethatthesum

of thesourceratesfor all sourcesis 150Mbps,so the initial loadvalueis closeto 1. Theratesfor sources

% � and %'& arequickly reduced,while thoseof sources% � and %', quickly rise,asseenin figure10(a). The

queuesarealsoquitesmall(figure10(b)).
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Figure11: Examplemultipoint-to-pointconfigurationwith anupstreambottleneck

5.2.2 UpstreamBottleneckwith HeterogenousLinks Configuration

Figure11illustratesthesameconfigurationasin figure6, whereall links areapproximately150Mbps,except

for thelink between%q-/�102��3 � and %.-4�105��3 � ( 697 �
# � ) which is only 50Mbps. Thelink lengthsareasshown

in thefigure.

Recallthattheallocationvectoraccordingto thesource-basedfairnessdefinitionis:

�$% ��� % ��� %'& � %)( � %',  <; � 16.67,16.67,58.33,58.33,16.67 
Figure12 illustratestheresultsfor this configuration.Sources% � and % � startat anICR of 20 Mbps.Source

%'& startsat30Mbpsandsource%'( startsat 80Mbps.Source%', startsat 10Mbps.

As seenin figure 12(a), sources% � , % � and %', converge to about16.67Mbps, while sources%'& and %)(
convergeto about58.33Mbps.Thequeuesareboundedto reasonablevalues(figure12(b))andutilizationof

thebottlenecklinks ( 687 �:# � and 687 �
# & ) arecloseto 100%(figure12(c)).Destination*+%', getsmuchless

throughputthan *+% � (figure12(d)),sincesource%c, is bottleneckedon a 50 Mbpslink with 2 othersources.

After 2 seconds,theratio of thethroughputsfor destinations*z%', to *+% � is approximately80000to 700000

which is 0.11. Theslopesof thetwo linesalsohave thesameratio. This is closeto theoptimalvaluesince

16.67/149.76= 0.11.

5.2.3 Effect of Lar geRate IncreaseFactor Values

TherateincreasefactordeterminesthemaximumincreasewhenaBRM cell indicatingunderloadis received.

If theRIF is setto a fractionlessthanone,themaximumincreaseat eachstepis limited to RIF ? thepeak

cell ratefor theVC. SettingRIF to small valuesis a moreconservative strategy thatcontrolsqueuegrowth

andoscillations,especiallyduringtransientperiods.It, however, mayslow down theresponseof thesystem

whencapacitysuddenlybecomesavailableleadingto underutilization.

Figure13 illustratestheresultsfor theconfigurationof figure11 whentherateincreasefactor(RIF) is setto

its maximumpossiblevalue,which is 1. Part (a) of thefigureshows thattheratesdo not oscillatemorethan

thecorrespondingfigurewith a smallRIF value(figure12(a)).Thequeuesin figure13(b)arealsosimilar to

thosein figure12(b).
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Figure12: Resultsfor aWAN multipoint-to-pointconfigurationwith anupstreambottleneck(longLINK3)
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5.2.4 Effect of ExtremelyShort MeasurementInter vals

As discussedin section4.1, extremelyshortmeasurementintervals cancausethe algorithmto suffer from

oscillations.To examinethis effect,we have simulatedthealgorithmwith a measurementinterval of 200 R s.

Recallthatin theupstreambottleneckconfiguration(shown in figure11), theoptimalratesfor sources% � , % �
and %', are16.67Mbps,andthosefor sources%'& and %)( are58.33Mbps. This impliesthat,in steadystate,

RM cellsfor sources% � , % � and %', arrive every:
�:~�� ?@o��102� ! �������� Z T A CE� ?:= C ?��

H�� � � x�� A �zH C �k� � Rb�
For sources%'& and %)( , RM cellsarrive every:

�:~�� ?@o��102� ! �������� Z T A CE� ?:= C ?��
=E� � CEC�� AW�ECE� � �zH�Rb�

whereasourcesendsanFRM cell every
��~��

cells,andthedefault valueof
��~��

is 32.

Settingthemeasurementinterval to 200 R s meansthatRM cells for %'& and %)( might not bereceivedevery

measurementinterval, andthatRM cellsfor % � , % � and %', mightnotbereceivedfor 4 consecutive measure-

mentintervals.

In orderto receive at leastoneFRM cell from thehighestratesourcein a certaininterval, theinterval length

shouldbe M ���2�,'�c^ ���|� � �8��� . This conditionis likely to hold for reasonablylong intervals,unlessall sources

aresendingatvery low rates,in whichcasetheoverloadfactorwill below andtheir rateswill increaseif they

have datato send.

Figure14 illustratestheresultsfor theconfigurationof figure11. Clearly, theshortaveraginginterval causes

moreoscillations,but theratesof thesourcesstill converge to their fair rates.Also observe that thenumber

of cellsreceivedfor bothconnectionsis thesameasin figure12(d). Increasingthevalueof theparameterO
(in section4.1)canreducetheoscillations.

6 Conclusionsand Recommendationsfor Switch Schemes

All source-basedswitch algorithmsoperatingin VC merge switchesneedto avoid the needto distinguish

amongsourcesin the sameVC. Key lessonslearnedfrom this study (refer to section4.3 for supporting

arguments)include:

1. Source-level accountingshouldnotbeperformedin multipointrateallocationalgorithms.For example,

measuringtheratesfor eachsource,or distinguishingoverloadingandunderloadingsourcescannotbe

performed.If suchaccountingis performedat theVC level or theflow level, anadditionalmechanism

to divideVC or flow bandwidthamongsourcesis necessary.
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2. Estimatingtheeffective numberof active sourcesin orderto divide theavailablecapacityamongthem

is very difficult in multipoint connections,sinceit is impossibleto distinguishamongsourcesin the

samemultipointVC with VC mergeimplementations.

3. Theonly informationa multipoint rateallocationalgorithmcanuseis theinformationsuppliedin RM

cells,in additionto aggregatemeasurementsof load,capacityandqueuingdelays.

4. CCRvaluesfrom BRM cellsshouldnotbeusedin computingrateallocationsfor sourcesin multipoint

connections,sincethe CCR valuecanbe that of anothersourcethat doesnot go throughthe switch

performingthecomputation.Thatsourcemayhave a muchhigherbottleneckrate,andusingits CCR

canresultin unfairness.

5. CCRvaluesfrom FRM cellscanbeusedto computerateallocationsfor sourcesin multipoint connec-

tions,eventhoughtheCCRusedto computetheratefor asourcemaynotactuallybetheCCRvalueof

thesource.This doesnot createproblemsdueto thepropertiesof themergedflow (section4.1). The

maximumCCRvalueseenin an interval canbe usedinsteadof the CCRof thesource.Exponential

averagingof themaximumCCRseenor maximumER givenmayfurtherimprove theperformanceof

thealgorithm.

6. Mergepoint algorithmsshouldavoid changingtheBRM to FRM ratio at thesourceor insidethenet-

work, to maintainthe rateof feedbackthat the sourcerequires,andavoid excessive overheadin the

network. Scalabilityof the schemeis alsoaffectedby theseratios. Excessive complexity, noise,and

responsetimecanalsobeavoidedby returningtheBRM cellscomingfrom theroot, insteadof turning

aroundtheRM cellsat themergepoints(section4.4).

WehavedesignedandsimulatedanO(1)algorithmfor computingsource-basedfair allocationsfor multipoint-

to-pointandpoint-to-pointconnections.Thealgorithmusessimpleaggregatemeasurementsandmaximum

CCRvaluesfromFRMcellsduringsuccessive intervalsto performratecomputation.Thealgorithmis fair and

convergesrapidly for the configurationstested.More extensive performanceanalysisis crucial to examine

the fairness,complexity, overhead,transientresponse,delays,andscalability tradeoffs in multipoint algo-

rithm design.Extendingmultipoint-to-pointschemesfor multipoint-to-multipoint connectionscanbeeasily

performedby combiningpoint-to-multipointalgorithms(suchasthosedevelopedin [6]) with theproposed

multipoint-to-pointalgorithm.Wearecurrentlyextendingtheseconceptsto TCP/IPnetworks.
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