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Abstract: Multipoint-to-multipont communicatiortanbeimplementedy combiningthepoint-to-multipoint
and multipoint-to-pointconnectioralgorithms.In an ATM multipoint-to-pointconnectionmultiple sources
senddatato the samedestinationon a sharedtree. Traffic from multiple brancheds meiged into a single
streamafter every meige point. It is sometimesmpossiblefor the network to determineary source-specific
characteristicsinceall sourcedn the multipoint connectionmay usethe sameconnectionidentifiers. The
challenges to develop afair rateallocationalgorithmwithout persourceaccountingasthis is inequialent

to perconnectioror perflow accountingn this case.

We definefairnesoobjectivesfor multipoint connectionsandwe designandsimulateanO(1) fair ATM-ABR
rateallocationschemdor point-to-pointandmultipointconnectionsharinghesamdinks. Simulationresults
shav that the algorithm performswell and exhibits mary desirableproperties. We list key modifications

necessarjor ary ATM-ABR rateallocationschemeo fairly accommodatenultiple sources.

1 Intr oduction

Multipoint communications the exchangeof informationamongmultiple sendersand multiple recevers.
The basicadwantageof multicastis thatit allows economie®f scale especiallyaftertreesaturation4, 19].

Multipoint supportin AsynchronousTransferMode (ATM) networks is essentiaffor efficient duplication
and synchronizatiorof data. Examplesof multipoint applicationsinclude audio and video conferencing,

andsener andreplicateddatabaseynchronizatior{seefigure 1). Multipoint-to-pointconnectionsareespe-
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cially importantfor overlaying Internet(IP) networks and simplifying end systemsand edgedevices[22].
In multipoint-to-pointconnectionspnly one connectionneedsto be setup even if thereare multiple data

sources.

ATM cloud

Figurel: ATM multipointcommunication

Several issuesneedto be addressedn the ATM multipoint servicedefinition, suchas routing, signaling,
andtraffic managementn this papeywe focuson traffic managemerissuedn the caseof multiple sources
Specificallywetacklethedefinitionof fairnessandthecongestionandfeedbak contiol problemfor multipoint-
to-pointconnectionsThe separatgroblemof consolidatingcontrol cellsis not tackledin this paper(see[6]

for ananalysisof the solutionsto feedbackconsolidation).

ATM networks currently offer two servicecategoriesfor datatraffic: the available bit rate (ABR) andthe
unspecifiedit rate (UBR) servicesjn additionto guaranteedramerate (GFR). Capacityleft over by real-
time traffic is fairly divided amongactive ABR sourcesand indicatedto the sourceshroughclosed-loop
feedbaclcontrol[7]. Themostcommonlyadoptedairnesdefinitionis max-minfairnesq1, 11]. Intuitively,
this meanghatall sourcesottleneckd at the samenodeareallocatedequalrates(or weightedrates). This
definition was developedfor point-to-pointconnectionsandin this paper we extend it for multi-sender

connectionsanddiscusghedevelopmentof a distributedalgorithmto achieve fairness.

Multipoint-to-pointABR connectionsequirefeedbacko bereturnedo theappropriatesourcesttheappro-
priatetimes. The bandwidthrequirementsor a virtual connection(VC) aftera mege pointis the sumof the
bandwidthaisedby all sourcesvhosetraffic is meiged(seefigure 2). Thisis becaus¢he aggreatedatarate
afteramemge pointis the sumof all incomingdataratesto the mege point[12]. Consolidatingcontrol cells
in theforwarddirectionis notnecessargincetheratio of controlcellsto datacellsaftermeiging remainghe

same.

We have definedsereraltypesof fairnesgor multipoint-to-pointVCsimplementedssharedreeq5]. Among
these we believe thatweightedsource-basedairnesds the mostpreferredbecausdt is a simpleandlogical
extensionof point-to-pointfairnessdefinitions. To computesource-basethir allocations a single N-to-one

connectioris treatedas N one-to-oneonnectiongin termsof bandwidthallocation) regardlesof whichVC
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Figure2: Multipoint-to-pointconnections

eachsourcebelongdo.

A source-basethir algorithmmustgive the same(or proportional)allocationto all sourceottleneckdon
thesamelink. Source-basethirnessn someswitchimplementationposedlifficulties, sincesourcesn the
sameVC cannotbedistinguishedthey have thesameconnectiondentifier). Thechallengegor rateallocation
algorithmsin this caseincludeavoiding persourceaccountingandavoiding estimatingthe numberof active

sourcesThis mustbedonewithoutadwerselyaffectingtransientesponser increasingateoscillations.

Theremaindeof this papelis organizedasfollows. First, we give somedefinitionsanddiscusgtheVVC meige
techniquefor avoiding cell interlearing in multipoint connections. Then, we summarizerelatedwork on
multipoint-to-pointfairnessandalgorithms.We definemulti-sendeifairnessusingan example. In section4
we developtherateallocationandmege pointalgorithmsfor multipoint connectionsandexaminetheir fea-
tures.We analyzethe performancef thealgorithmin section5, andconcludewith a setof recommendations

for rateallocationschemeso supportmultiple sources.

2 Preliminaries and RelatedWork

In this section,we give somebackgroundon the problemof ABR multipoint flow control. We distinguish
connectionssourcesandflows, discussVC meiging and ABR flow control, and discussprevious work on

multipoint-to-pointalgorithms.

2.1 Connections,Sourcesand Flows

Definition: A component; is saidto bedownsteamof anotheicomponent; in acertainconnectiorif ¢; is

onthepathfrom ¢; to thedestinationIn this caseg; is saidto beupsteamof c;. O

Figure 3 shaws a configurationwith two virtual connectiongVCs). One of the VCs is a point-to-point

VC, while the otheris a multipoint-to-pointVC. The sourcesin the multipoint-to-pointVC are indicated



Figure3: SourceversusvC versusflow

by dark-coloreccircles,while the sourcein the point-to-pointVC is denotedby the light-coloredcircle. At

the secondswitch, traffic from four sourceshut only two VCs, is beingswitchedto the outputport. Note,
however, that the secondswitch can distinguishthreeinput flows (the point-to-pointconnection,and two

flows of the multipoint-to-pointconnectioncoming throughdifferentinterfaces). The two sourcesvhose
traffic wasmeigedat thefirst switch constitutea singleflow atthe secondswitch,assuminghatthey cannot
be distinguisheddownstreanmof their meige point. Thus,two of theinput flows thatcanbe distinguishedat
the secondswitchbelongto the sameVC, while thethird flow belongsto a differentVC. The secondswitch

meigesthetwo flows of the sameVC into a singleflow.

2.2 VC Merging

In ATM networks, the virtual pathidentifier (VPI) andvirtual connectionidentifier (VCI) fieldsin the cell
headerareusedto switch ATM cells. The ATM adaptatioriayer (AAL) at the sourcesggmentspacletsinto
ATM cells,markingthelastcell of eachpaclet. The AAL atthedestinatiorusesthe VPI/VCI fieldsandthe

endof paclet markerto reassemblénedatafrom thecellsreceved.

ATM adaptatioriayer 5 (AAL5), which is usedfor mostdatatraffic, doesnot introduceary multiplexing
identifieror sequencaeumberin ATM cells. If cellsfrom differentsourcesaremeigedandinterleaed onthe
links of amultipointconnection(implementedisa sharedree),the AALS atthedestinatiorcannotassemble
thedata.Thisis becausall traffic within the groupusesthe sameVPI/VCI, andtheidentity of the sourceis
notindicatedin eachcell. The AAL5 layerusesthe end-of-messagkit to determinethe endof eachpaclet,
but sincethe cells of differentpaclets areinterleaed, all the paclets may get corrupted,asillustratedin

figure4 (theend-of-messageit valueis shavn abosre eachATM cell in thefigure).

Figure4: Thecell interleaving problem



Oneof the solutionsproposedo this problemis the VC meige approach.This approactbuffersthe cells of
pacletscomingthroughotherinterfacesattheswitchuntil all cellsof thecurrentpacletgothrough(seg9] for
adescriptionof thetechniqueand[25] for ananalysisof its performance).Thus,a paclet-basedscheduling
algorithmis implementedatthe meige point, andseparatgueuesaremaintainedor eachflow (wherea flow
is definedasthe cells of a VC comingon aninputlink). The end-of-messagpit signalsto the switch that
a paclet from adifferentport cannow be forwarded.In this paper wefocuson VC meige implementations,
wheke cells from different sourcesare indistinguishable sincethis is the mostdifficult casefor bandwidth

allocationalgorithmsto handle

2.3 ABR Flow Control

The availablebit rate (ABR) serviceperiodicallyindicatesto sourceghe rateat which they shouldbetrans-
mitting. The feedbackfrom the switchesto the sourceds indicatedin resourcemanagemenfRM) cells
generatedy the sourcesandturnedaroundby the destinationgfigure 5). The RM cells flowing from the
sourceto the destinatiorare calledforward RM cells (FRMs) while thosereturningfrom the destinationto

thesourcearecalledbackward RM cells(BRMS).

Source - pRMs—., Destination

Figure5: Resourcananagemertellsin anATM network

The RM cellscontainthe sourcecurrentcell rate(CCR),in additionto severalfieldsthatcanbe usedby the
switchego provide feedbacko thesourcesFeedbackanbejustoneor two bits, or it canbetherateatwhich
the sourceshouldtransmit,calledthe explicit rate(ER). Whena sourcerecevesa BRM cell, it computests
allowed cell rate(ACR) usingits currentACR value,the congestiorindicationbits, andthe explicit ratefield

of theRM cell.

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

ies

Traffic managementulesfor multipoint-to-pointconnectionsarestill in their early phaseof definition[21,
20, 2, 18]. RenandSiu[21, 20] have describedinalgorithmfor multipoint-to-pointcongestiorcontrol,which
assumeshatVC memgeis emplg/ed. The algorithmoperatesasfollows. A bit is maintainedat the meige
pointfor eachof theflows beingmeiged. Thebit indicategshatan FRM hasbeernrecevedfrom thisflow after

aBRM hadbeensentto it. ThereforewhenanFRM is recevedatthemegepoint, it is forwardedto theroot



andthe bit is set. Whena BRM is receved at the meige point, it is duplicatedandsentto the brancheghat
have their bit set,andthenthe bits arereset. We implementthis algorithmasexplainedin section4.2, and

shawv simulationresultsin section5.

In their papers[21] and[20], Renand Siu only shav simulationresultsfor simple LAN configurations.
We discussmore complex problemsand mary generalalgorithm designissuesthat arisein all multipoint
algorithms,andshav moresimulationresultsfor our proposedsolutions. FurthermoreRenand Siu’s work
doesnot clearly statewhich typesof rateallocationalgorithmsthe proposednultipoint extensionworksfor.
In fact, the extensiondoesnot work for mary popularABR schemeshatperformperVC accountingsince

thisis nolongerequivalentto persourceaccounting.

Recentlymore complex algorithmshave beendeveloped[2, 18] for multipoint-to-pointand multipoint-to-
multipoint connectionsespecirely. Thealgorithmin [2] aimsat fairnessamongthe sourcesasin [21]. The
algorithmin [18] addsaweightin RM cellsto allow scalingof theratesto give theappropriatellocationso
sourcesThethroughpubf a unicastsourceis givena pre-determineaveightwith respecto thatof asender
in a multicastsession. This techniqueaddsmore flexibility at the expenseof compleity in RM cells and

processingWeightassignmenis alsovery difficult.

Multicastpricingin thecontet of theInternethasrecentlybeenstudiedin [4, 19]. Thesestudiesquantifythe
costof multicastrelative to unicast,andfind thatthe normalizedcostof the multicasttreeis N* whereN is
themulticastgroupsizeandk is theeconomie®f scalefactor experimentallydeterminedo beapproximately
0.8 beforetreesaturation Recentstudieson multicastfairnesspricing andcongestiorcontrolin the Internet

mainly focuson one-to-may communicatiorj10, 24, 13, 8, 17].

3 Multi-Sender FairnessObjectives

Throughoutthe restof the papey we usemax-minfairnessasthe underlyingfairnessdefinition. However,
the multicastobjectives we give apply for any underlyingdefinition, e.g., generalweightedfairnesswith
minimum rate guarantee$23]. Max-min fairnessmeansthat no connectioncanbe allocateda higherrate
without hurtinganotherconnectiorhaving anequalor lower rate. We definea network configuation asa set
of sourcesdestinationandswitchesjnterconnecteavith links of givendistancesandbandwidthsanda set

of virtual connectionsWe usethefollowing notation:

n  denotegshenumberof sourcesn agivenconfiguration

z; denotegheallocationgivento thei*® sourcein agivenconfiguration




Source-based.Source-basethirnessallocatesbandwidthfairly amongall sourcesregardlessof which VC

eachsourcebelonggo. EachN-to-oneconnectioris treatedthe sameas N one-to-oneonnections.

Definition: Souce-basedairnessdividesbandwidthfairly amongactive sourcesasif they weresourcesn
point-to-pointconnectionsignoringgroupmemberships.
The allocationvector{z1, zs, ..., z,} IS determinedby applyingthe underlyingfairnessdefinition for all

active sources;. O

Note,however, thatthe bandwidthallocatedo amultipoint-to-pointvC with N concurrensourcesll bottle-
necledon a certainlink would be N timesthe bandwidthfor a point-to-pointVC bottleneckd on thatsame
link, and N/ K timesthatfor a K-sourcemultipoint-to-pointVC bottleneckd on the samelink.

All links are 150 Mbps, except LINK, which is 50 Mbps

LINK, LINK,
N L1 LINK,
Swil F Sw2 Sw3 Sw

S3

Coe

Figure6: Examplemultipoint-to-pointconfigurationwith anupstreanbottleneck

The fairnessdefinition can be explainedusing the following example. Figure 6 illustratesa configuration
with two VCs: oneof the VCs is a multipoint-to-pointVC with four sourcesand one destinationandthe
otheris a point-to-pointVC. SourcesS;, S2, S3 andS, aresendingto destinationdS;, andsourceS4 is
sendingto destinatiordS 4. All links areapproximatelyl50 Mbps (after SONEToverheads accountedor),
exceptfor the link betweenSwitch,; and Switchy (LIN K;) which is only 50 Mbps. Clearly sourcesSy,
Sy andS4 arebottleneckd at LI N K7, while sourcesS; and S, arebottleneckd at LIN K3. The aim of
this exampleis to illustratethe allocationof the capacityleft over by sourcesottleneckdon LIN K; to the

sourcedottleneckdon LIN K.

Theallocationvectoraccordingo the source-basedefinitionis:

{S1, S5, S5, 54,54} «{16.67,16.67,58.33,58.33,16.67

Thisis becauseachof sourcess;, So andS 4 is allocatednethird of thebandwidthof LINK. At LIN K3,
the 50 x % = 33.33 Mbpsusedby sourcesS; and Ss is subtractedrom the available bandwidth,andthe
remainingcapacity(116.67Mbps)is equallydividedamongsourcesSs andSy.

Otherfairnesobjectives,e.g.,thosein [5], arealsopossible.The choiceof thetypeof fairnesdo adoptrelies
ontheapplicationtype,andpricing methodsised.We prefersource-basedairnessasit is anaturalextension
of point-to-pointfairnessdefinitions. In addition, it is the simplestto implement,anddoesnot suffer from

beat-davn problemsaswith flow-basedsolutions. The interconnectionunfairnessdiscusse@bove is nota



majorproblemsincethe numberof concurrensendersn themultipointconnectioris usuallysmallin typical
applicationge.g.,onespealkr at atime in anaudioconference) Weightscanalsobe usedto eliminateary
unfairnessPricingcanbebasedn sourcesn thiscase In theremaindeof this paperwediscussandanalyze

thedevelopmenibf analgorithmto achiere source-basefhirness.

4 The Algorithm

We first discussthe rate allocationalgorithm,and thenthe meige point algorithm. Thenwe discusssome

designissues.

4.1 Rate Allocation Algorithm

Rateallocationalgorithmsare emplg/ed at every network switch to computeand indicatethe appropriate
feedbackto the sourcesThealgorithmwe discusss baseduponthe ERICA+ rateallocationalgorithm[15].

However, we eliminateall the stepsthatrequiredperVC accountingn ERICA+. Thereasorfor thisis that
ratealgorithmsperformperVC accountingasif it werepersource accounting.Persourceaccountingmust

be avoidedfor compatibilitywith VC meige switchesandfor scalability

The algorithmusesa measuremerittenal to measurdghe quantitiesrequiredfor computingthe ratealloca-
tion. At the endof every intenal, the algorithm averagessomeof the quantitiesmeasuredand usesthese
guantitiesto give the appropriatdeedbacko the sourcesn thefollowing intenal. Thealgorithmmeasures:
(1) the ABR inputrateto eachport,and(2) the availablecapacityon eachlink, subtractinghe capacityused
by higherpriority classesuchasVBR. It alsocomputesa functionof the queueingdelayandusesits value
to scaletheavailablecapacity(in orderto leave someof the capacityfor thequeuego drain). Theratio of the

(average)measurednputrateto the (average)mesauredarget capacityis calledthe overloadfactor

Thealgorithmalsouseghe currentcell rate(CCR) of the sourcesasindicatedin the FRM cells. In addition,

it keepgrack of the maximumexplicit rateindicatedto all sourcesendingto this portduringeachintenal.

The overloadis comparedo 1+¢ (usuallyd is setto 0.1). If the overloadis greaterthan1.1, which means
thereis high overload thealgorithmscalesdown thecurrentcell rateof theconnectiorby the overloadfactor
Otherwise,if thereis underloadoverloadis < 1 + §), the algorithmalsousesan additionalquantity This
guantityis the maximumallocationallocatedduringthe previousintenal. Bringing up all allocationgto this

guantityensureshatall connectiongetfair ratesaccordingo the specifiedveights.

In the pseudocodéelaw, therearetwo optionsthatarenot necessaryor the algorithm,but help reducerate
fluctuationsin somecaseqespeciallywhenthe measuremerintenal valueis very small). The first option

(whichwe labeloption 1) doesnot usethe mostcurrentCCR valuefrom FRM cells, but usesthe maximum



of the CCRvaluesseenn FRMsin thecurrentintenal. This optionis usefulwhentherearemultiple sources
in thesameVC, asexplainedin the next subsectionThesecondption(option2) usesexponentialaveraging

for themaximumER givenin the previousinterval to smoothout variations.

The algorithmexecutesfor eachoutputport: whenan FRM cell is receved, whena BRM cell is receved,
andatthe endof eachmeasuremerittenal. Thealgorithmis O(1) andits compleity is independentf the
numberof connectionandthe numberof sourcesSincethecalculationsof theinputrate,targetcapacityand

overloadfactorarethe sameasin the ERICA+ algorithm,we only briefly outlinethesehere.
FRM cellisreceved for VC j:
(currentcell rate) <—CCRfield from the FRM cell

Or asanoption(option1: maximunCCRoption):
IF (first FRM in intenal); = TRUE THEN
(currentcell rate) <~ CCRfield from the FRM cell
(first FRMin intenal); <-FALSE
ELSE
(currentcell rate) «+-maximum(CCRfield from the FRM cell, (currentcell rate))

END
BRM cellis to be sentout for VC j:

IF (overloadfactor> 1+§) THEN
ER «(currentcell rate)/overloadfactor
ELSE
ER <maximum((currentcell rate)/overloadfactor maximumER in previousintenal)

END

ER +minimum (taigetcapacity ER)

maximumER in currentintenal <+ maximum(ER, maximumER in currentintenal)
ERin BRM cell <—minimum (ER,ERin BRM cell)

End of measuementinterval:

target capacity<—exponentialaverageof (acrossintenals) of link capacityminusCBR andVBR capacity

scaledfor queuego drainby usinga fractionalfunction(referto [15])
inputrate<—exponentialaverage(acrossntenals) of total ABR input cellsbeingswitchedto this outputport
overloadfactor«inputrate/tagetcapacity

Vj (first FRMin intenal); <~ TRUE



maximumER in previousintenal <—maximumER in currentintenal

Or asanoption(option2: avelaging the maximumERin previousinterval option):
maximumER in previousintenal <

(1-a) x maximumER in currentintenal + o x maximumER in previousintenal
maximumER in currentinterval <0

Notes:

1. Theinputrate,tamget capacity overloadfactor maximumER in currentintenal andmaximumER in
previousintenval arecomputedandstoredfor eachoutputport. The “first FRM in intenal” (if used)

andthe“currentcell rate” arestoredfor eachVC for eachoutputport.

2. In our simulations the parametep is setto 0.1, andthe parameterr is alsosetto 0.1. Thesearethe

recommendedaluesfor theseparameters.

3. The"averagingof maximumERin previousintenal” option(option?2) slightly reducesateoscillations

in somecaseslt is notessentiaif its implementatiorcompleity is high.

4. ThemaximumCCRoption(option1) alsoreducesateoscillationsin case®f extremelysmallaverag-
ing intenal values(< 200usfor ratesaboutl0 Mbpspersource) It is alsounnecessargxponentially
averagingthe maximumCCR valuesacrossntenals might furtherimprove the performanceThe next

subsectiomiscussetheusageof CCRin moredetail.

In [15], we give a proof thatthis algorithmcorvergesto the max-minfair ratesfor a single bottleneckcase.
Themainideaof the proofis thatthealgorithmis fair becausd allocatesall sourcedottleneckdatthesame
link the exactsamerates.In addition,the algorithmcorvergesto ratesthatresultin anoverloadfactorvalue

closeto one,becauseheratesarescaledoy the overloadfactor

4.2 MergePoint Algorithm

This algorithmis the sameas the multipoint-to-pointalgorithm developedby Renand Siu in [20]. The
algorithmis emplg/ed at every meige point wherecells from differentsourcesn the samemultipoint-to-
point VC arebeingmegedandfollow the samepathto the destination We first give the pseudocodéor the

algorithm,andthendiscusssomepropertief thealgorithm.

A flag (canbeonebit) calledReadyis maintainedor eachof theflowsbeingmeiged. Theflagindicateghat

anFRM cell hasbeenrecevedfrom this flow aftera BRM cell hadbeensentto it.

Upon the receiptof an FRM cell from branch i:
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1. ForwardFRM cell to the outgoinglink

2. LetReady = TRUE

Upon the receiptof a BRM cell from the root:
FORALL upstreanbranche®O
IF Ready = TRUE THEN
Senda copy of theBRM to branchi
Let Ready = FALSE
END
END

When a BRM cellis about to be scheduled:

Performtherateallocationalgorithmasdescribedn the previoussection

Referencg20] givesa proof by inductionon the numberof levels of the multipoint treeto shawv that this
algorithmgivesfair allocationsfor multiple sourcesf therateallocationalgorithmemplo/ed givesmax-min

fair allocations.

4.3 Rate Allocation Designissues

As previously mentionedrateallocationalgorithmsfor multipoint-to-point(or multipoint-to-multipoin) con-
nectionsamaynotbeableto distinguishcellsfrom differentsourcesn thesameVC. Thusthey cannot:(1) use
the numberof established¢onnectiongsanindicationof the numberof sources(2) measurer estimatehe
rateof eachsource(3) distinguishbetweeroverloadingandunderloadingourcespr computethe numberof
overloadingsources(4) estimateahe effective numberof active sourcesSuchtechniquesreusedin mary of

the popularpoint-to-pointswitchschemessuchasthe MIT schemd3] andtheUCSCschemd14].

Most switch schemesalso usethe currentcell rate of the sourcesin the computationof the explicit rate.
Algorithms which usethe CCR valuesnoted from backward RM cells are not fair for multipoint-to-

point connections Thisis becausé maybeimpossibleto determinewvhich sourcethe RM cell belongsto.
The CCRvaluein theBRM cellsatthe mege pointmay not captureupstreanbottleneckinformationfor any
of theflows whosetraffic is beingmeiged,sinceit may actuallybe the CCR of a downstreamsourcewhose

bottleneckrateis high. We explain this next.

Lemma 1: Algorithmswhich usethe CCRvaluesnotedfrombadkward RM cells are not fair for multipoint-

to-pointconnectionsER = f(CCRpgay) is Nnotnecessarilynax-minfair.

Proof Sketch: Theproofis by counterexample. We give a casewherean algorithmusingCC Rprys gives

unfair allocations.Suppose multipoint-to-pointVC hastwo sourcespneof which hasa bottleneckrate of

11



58 Mbps, andthe otherhasa bottleneckrateof 16 Mbps, andthe two sourcesarebeingmeigedat a switch.
Figure6 shavs anexamplewhereat Switchs, S1 (andSs) of rate16 MbpsandSs; of rate58 Mbpsarebeing
meiged (we will simulatethis casein sectionss.2.2to 5.2.4). The sourcewhich is bottleneckd at 16 Mbps
(say S1) sharests bottleneckink with a point-to-pointconnection(S4 to dS4). At the mege point, BRM
cellsof thehigherratesourcgthe 58 Mbpssourcearemorefrequentlysentto all thesourcesn thisVC being
meigedwith a high ER value(sincethe CCRis assumedo be 58 Mbps). This canresultin over-allocationto

thelower ratesource(speingmemged,andunfairnesgo the point-to-pointconnection. O

Hence,algorithmsthatusethe CCR valuefor rate computatiormustusethe value of the CCRindicatedin
FRM cells for computatiorwhena BRM cell is receved. This is the mostup-to-datevalue of CCR, since
the CCRin theBRMs may be staleaftertraveling all theway to the destinatiorandback. The CCRvaluein
the FRM cellsatthemege point capturesupstreanbottleneckinformationfor oneof the flows whosetraffic
is beingmeiged. TheFRM cells of the soucesbeingmeged, howeser, maystill be indistinguishableat the
meige point. In theremainderof this section,we arguethat this doesnot affect the corvergenceand steady

statebehaviorof the algorithm.

Lemma 2: Algorithmswhich usethe CCRvaluesnotedfromforward RM cellscancomputestatisticallyfair

allocationsfor multipoint-to-pointconnections.

Proof Sketch:
Sincethe guaranteedairnesss statistical the proof is alsostatistical. Assumethattherearetwo flows S;,,,
andSp;qn, beingmeiged. We will briefly examinethe situationwhenthe forward CCR usedto computethe

ER for aflow is notthe CCR correspondingo thatflow.

CASE 1:

Whencomputingthe ER for Sj,,,, if the CCR of Sy, is used,thenthe ER computedior Sj,,, Will betoo
high. But S;,,, is bottleneckd upstreanof themeige point (otherwisets bottleneckratewill notbelessthan
thatfor Sp;gn, SiNCeS;,, andSy;y, Mege at the mege point andnever split afterthat), sothe ER givento

Siow atthemegepointwill beoverwrittenby upstreanswitches.

CASE 2:

For the casewhenthe CCRof Sj,,, is usedto computethe ER for Sy, first considerthe algorithmwith
the maximumCCR option. Theonly situationwhenthe ER for Sy, is calculatedbaseduponthe CCR for
Siow 1S Whenonly FRM cells of S, have beenseensincethe beginning of the currentintenal. (Note that
if no FRM cells have beenseenat all, the CCR value usedis the maximumseenin the previous intenal,
which will be the CCR of the higherratesourcesSy;q, unlessSy;qy, is sendingat a very low rate,in which
casethe schemeshouldnot allocateit high rates:seethediscussiorin [16] for moredetailson handlinglow

rate sources.)Since Sy;,, hasa higherrate, it hasa higherfrequeng of FRM cells, so it becomeshighly

12



improbablefor thisto hold.

This agumentcanbe extendedfor the algorithmwithout the maximumCCR option. In this case jnsteadof
the smallerCCR beingusedwhenonly FRM cells from the lower rate sourcehave beenseensofar in this
intenal, it is thelastFRM cell recevedthatdetermineshe CCRused.But, again,sincethehigherratesource
hasa higherFRM rate, it is statisticallyunlikely for the smallerCCRto be used. The maximumER in the
previousintenal termensureshatif thesmallCCRis in factused the sourceis allocatedat leastasmuchas

otherVCs goingto the sameoutputport, which ensuregairnessandfastconvergence. O

4.4 MergePoint Designlssues

Therearea numberof waysto implementmultipoint-to-pointmeige point algorithms.Eachmethodoffersa

tradeof in compleity, scalability overheadrespons¢ime andsteadystatebehaior.

In theabove algorithm,aBRM cellis returnedo a sourcefor every oneor moreFRM cellsit sendsThusthe
BRM to FRM cell ratioatthe sources lessthanor equalto one.In steadystate theratiois likely to approach
one,sincethe FRM rateandBRM ratewill besimilar. Thisis animportantpropertyof ABR flow controlthat
shouldbe maintainedor multipoint-to-pointconnectionsThe BRM to FRM ratioin the networkis alsoone
in thiscase (If FRM cellsareturnedaroundat meige pointsasin [21], thesameFRMscanbeturnedaround

atanothemeige pointor the destinationcreatingBRM cellsthateventuallygetdiscardedn thenetwork.)

Also obsere thatin this schemesincethe meige point doesnot needto turn aroundevery FRM cell, the
overheadof the algorithmis reduced. However, the schemeneedsto duplicateBRM cells. With the new

adwancesn multicastATM switcharchitecturesthis operationcanbe quite efficient.

Thealgorithmwe usereturnsa BRM cell recevedfrom therootto thebranchesvhich have sentFRM cellsto
themeige pointsincethelastBRM cell hadbeenpassedThis makestheschemdesssensitve to the number
of levels of mege points,ascomparedo thoseschemesvhich turn aroundFRM cells (suchasthe scheme
in [21]). This is becauseschemegurning aroundFRMs have to wait for an FRM to be receved at every
meige point, sotheir responseime increasesvith the numberof levelsin thetree.In addition,the ER value
returnedby suchschemesnay be incorrectif no BRM cells have beenreceved sincethe lastonewassent,

leadingto rateoscillationsandpossiblylarge queudengths.

5 PerformanceAnalysis

This sectionprovidesa simulationanalysisof themultipointalgorithmdescribedn theprevioustwo sections.
Only afew simpleexperimentsareshavn here;morestringentestshave beenconductedandthe preliminary

resultsareconsistentvith thosepresentedhext.
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Theresultsarepresentedn the form of four graphsfor eachconfiguration:

(a) Graphof allowedcell rate(ACR) in Mbpsversusime for eachsource
(b) Graphof ABR queudengthsin cellsversugime atthe bottleneckport of eachswitch

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

switchego eachother)

(d) Graphof numberof cellsrecevedversugime for eachdestination

5.1 Parameter Settings

Throughoubur experimentsthefollowing parametevaluesareused:

1. Exceptwhereotherwisdndicated(in section$.2.2t05.2.4),all links have abandwidthof 155.52Mbps
(149.76Mbpsafter SONEToverheads accountedor).

2. All multipoint-to-pointtraffic flows from theleavesto theroot of thetree.No traffic flows from theroot

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

3. Exceptin section5.2.3wherewe experimentwith the sourceparameterateincreasdactor(RIF), we
have setRIF to 1/32in our simulations.We do not, howvever, expectthe performancef the algorithm

to besignificantlyinfluencedoy thevalueof RIF, asseenin section5.2.3.

4. The sourceparametetransientouffer exposure(TBE) is setto large valuesto prevent ratedecreases
dueto thetriggeringof the sourceopen-loopcongestiorcontrolmechanismThis wasdoneto isolate

theratereductiongdueto the switchcongestiorcontrolschemdrom theratereductionsdueto TBE.
5. All otherABR parameteraresetto their default valueg[7].

6. A dynamicqueuecontrolfunctionis usedto scalethe availablecapacityandachie/e a constantjueuing
delayin steadystate[15]. The “target delay” parametespecifiesthe desiredqueuingdelay A value
of 1.5mswasused.An inversehyperbolicfunctionis used.The hyperbolicfunctioncurve parameters
usedwerea = 1.15 andb = 1. Thequeuedrainlimit factoris setto 0.5 (which meanghatup to 50%

of thelink capacitycanbeusedto drainqueues).

7. A fixedtime measuremernntenal is usedto measurandaveragetheinputrateandavailablecapacity
andto notethe maximumallocationgiven (andpossiblythe maximumCCRvaluein FRM cells). The

intenal is setto 5 msin all experimentexceptthosein sections.2.4.
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8. Sincewe do notimplementVC mege in our switches,we only useonecell long paclets. Our next

studywill implementVC meige andexamineits effect.
9. All sourcesaredeterministicj.e., their start/stogimesandtheir transmissiomatesareknown.
10. Simulationtime is two seconds.

11. The simulationsuseboth the maximum CCR option and exponentiallyaveragingthe maximumER
optionasdiscussedh sectiord.1. We have simulatedall our configurationsvithoutusingeitheroption,
andwith eachoption separatelyandthe differencesvereinsignificant. We do not shav theseresults
herefor spaceconsiderationsln particular the resultswhenneitherof the two optionsis enabledand
with extremelysmall measuremerihtenals (aswith the simulationsin section5.2.4)shavedthatthe
algorithmstill rapidly corvergesto the optimal allocations,andthat the oscillations(thoughthey do

slightly increaseWwerenot significantlymorethantheresultswe shav in section5.2.4.

5.2 Simulation Results

In this sectionwe discussa sampleof our simulationresults.We mainly usetwo configurationsandexperi-
mentwith differentlink lengthsiinitial cell ratesof the sourcesrateincreasdactorvalues,andlengthsof the

measuremenhtenal.

5.2.1 DownstreamBottleneck Configuration

All links are 150 Mbps

LINK, (g A
LINK, LINK,

@ Swl | Sw2 LS [P Swd I
Sz S3 .@

S0km |50km | 500 km | 5000 km | 50km |

Figure7: Examplemultipoint-to-pointconfigurationwith a downstreambottleneck

Figure 7 illustratesa configurationwith two VCs: one of the VCs is a multipoint-to-pointVC with three
sourcesand one destination,and the otheris a point-to-pointVC. SourcesS;, S, and S3 are sendingto
destinationdS;, andsourceS 4 is sendingto destinationdS4. All links are149.76Mbps (OC-3links after
SONEToverheads accountedor), andtheir lengthsareasshavn in thefigure. Clearly all four sourcesare
sharinga bottlenecKink (LIN K3) betweenSwitchs and Switchs. This experimentshavs the division of

the capacityof this bottlenecKink amongall sourcesn bothtypesof connections.
Applying thefairnesglefinitionamongsourcesthe optimalallocationsshouldbe:

{S1, 85,85, 54} +{37.5,37.5,37.5,37.5
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Figure8: Resultsfor a WAN multipoint-to-pointconfigurationwith a dowvnstreanbottleneck(long LINK3,

low ICR)

Eachof thefour sourcess allocated} x 150 = 37.5.

Figure8 illustratestheresultsof simulatingthe above configuration.The sourcesstartwith anICR valueof

25 Mbps,whichis below their optimalallocation.Clearly all sourcesiseto their optimalratesquickly (fig-

ure8(a)),andthe queuesaresmall (figure 8(b)). The bottlenecHKink (LIN K3) is fully utilized (figure 8(c)).

LIN K, is 50%utilized (sinceonly 2 of the4 sourceautilize it) and LI N K; is only 25%utilized (1 outof 4

sources).

Obsere that with source-basethirness,VCs that have a larger numberof concurrentlyactive sourcegget
morebandwidththanVCs with lessconcurrensourceson the samelink. This canbe clearly seenfrom the
slopeof thecellsreceved graph(figure8(d)) for dS; anddS 4. ClearlydsS; hasaslopethatis threetimesas
large asthatfor dS 4. After 2 secondstheratio of cellsrecevedatdS 4 to dS; is around175000to 520000,

whichis exactly 1 to 3. Thustheresourcellocationis notfair amongthe VCs.

Figure 9 illustratesthe resultsof simulatingthe sameconfiguration(figure 7) when all sourcesstartat a
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Utilization

Figure9: Resultsfor a WAN multipoint-to-pointconfigurationwith a downstreanbottleneck(long LINK3,

high ICR)
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Figure10: Resultsfor aWAN multipoint-to-pointconfigurationwith a downstreanbottleneck(long LINK3,
differentICRS)

high ICR value. The ICR for all sourceshereis 100 Mbps. This createsan initial overloadon LIN K3
of % = 2%. The algorithmrecovers from this situationand all sourcescorverge to the correctvalue of
approximately37.5Mbps (figure9(a)). Thequeuesat Switchs startdroppingafterapproximatelyoneround

trip (figure9(b)).

Figure 10 shaws the resultsfor the sameconfiguration but differentsourcesstartat differentICR values.
SourcesS; andSs startatanICR of 65 Mbps,while sourcesS; andS 4 startat 10 Mbps. Noticethatthe sum

of the sourceratesfor all sourceds 150 Mbps, sotheinitial loadvalueis closeto 1. Theratesfor sources
S andS3 arequickly reducedwhile thoseof sourcesSs and.S 4 quickly rise,asseenin figure 10(a). The

gueuesarealsoquite small (figure 10(b)).
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All links are 150 Mbps, except LINK,; which is 50 Mbps
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Figurell: Examplemultipoint-to-pointconfiguratiorwith anupstreanbottleneck
5.2.2 UpstreamBottleneckwith HeterogenousLinks Configuration

Figurellillustratesthe sameconfiguratiorasin figure 6, whereall links areapproximatelyl 50Mbps, except
for thelink betweenSwitch, andSwitcho (LIN K1) whichis only 50 Mbps. Thelink lengthsareasshavn

in thefigure.
Recallthattheallocationvectoraccordingo the source-basethirnesgefinitionis:
{S1,52,853,854,54} «+{16.67,16.67,58.33,58.33,16.6%}

Figurel2illustratestheresultsfor this configuration.SourcesS; and.S; startatanICR of 20 Mbps. Source

S5 startsat 30 MbpsandsourceS, startsat80 Mbps. SourceS 4 startsat 10 Mbps.

As seenin figure 12(a), sourcesS;, Sy andS4 converge to about16.67 Mbps, while sourcesSs and Sy
converge to about58.33Mbps. The queuesareboundedo reasonablealues(figure 12(b)) andutilization of
thebottlenecKinks (LIN K; andLIN K3) arecloseto 100%(figure12(c)). DestinationdS 4 getsmuchless
throughputhandsS; (figure12(d)),sincesourceS 4 is bottleneckd on a 50 Mbpslink with 2 othersources.
After 2 secondstheratio of thethroughputdor destinationglS 4 to d.S; is approximatelyB0000to 700000
whichis 0.11. The slopesof thetwo lines alsohave the sameratio. This is closeto the optimal valuesince

16.67/149.76- 0.11.

5.2.3 Effect of LargeRate IncreaseFactor Values

Therateincreasdactordetermineshemaximumincreaseavhena BRM cell indicatingunderloads receved.
If the RIF is setto a fractionlessthanone,the maximumincreaseat eachstepis limited to RIF x the peak
cell ratefor the VC. SettingRIF to smallvaluesis a more conserative stratgy that controlsqueuegronth
andoscillations,especiallyduringtransientperiods.It, however, mayslow down the responsef the system

whencapacitysuddenlybecomeswvailableleadingto underutilization.

Figurel3illustratestheresultsfor the configurationof figure 11 whentherateincreasedactor(RIF) is setto
its maximumpossiblevalue,whichis 1. Part (a) of the figure shavs thatthe ratesdo not oscillatemorethan
the correspondindigure with a smallRIF value(figure 12(a)). Thequeuesn figure 13(b) arealsosimilar to

thosein figure12(b).
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Figure 13: Resultsfor a WAN multipoint-to-pointconfigurationwith an upstreanbottleneck(long LINK3,
large RIF)
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5.2.4 Effect of Extremely Short Measurementintervals

As discussedn section4.1, extremely shortmeasuremerintenals can causethe algorithmto suffer from
oscillations.To examinethis effect, we have simulatedhe algorithmwith a measuremenhtenal of 200 us.
Recallthatin theupstreanbottleneckconfiguration(shavn in figure 11), the optimalratesfor sourcesS:, Sa
andS 4 arel1l6.67Mbps,andthosefor sourcesSs andS; are58.33Mbps. Thisimpliesthat, in steadystate,

RM cellsfor sourcesS;, S, andS 4 arrive every:

Nrm x bits/cell 32 x 53 x 8

= = 813.92
ACR 16.67 M #s
For sourcesSs; andS,, RM cellsarrive every:
Nrm x bits/cell 32 x 53 x 8 — 923261 s

ACR -~ 5833 M

wherea sourcesendsanFRM cell every Nrm cells,andthe default valueof Nrm is 32.

Settingthe measuremerintenal to 200 s meansthatRM cellsfor S35 andS; might not be receved every
measuremeribtenal, andthatRM cellsfor S;, Sy andS 4 mightnotberecevedfor 4 consecutie measure-
mentintenals.

In orderto receve atleastoneFRM cell from the highestratesourcein a certainintenal, theinterval length

Nrm
maximum ’

shouldbe > 4% This conditionis likely to hold for reasonablyong intenals, unlessall sources
aresendingatverylow rates,in which casethe overloadfactorwill below andtheirrateswill increasef they

have datato send.

Figurel4illustratestheresultsfor the configurationof figure 11. Clearly the shortaveragingintenal causes
moreoscillations,but the ratesof the sourcesstill corverge to their fair rates. Also obsere thatthe number
of cellsrecevedfor both connectiongs the sameasin figure 12(d). Increasinghe valueof the parametet

(in sectiond.1) canreducethe oscillations.

6 Conclusionsand Recommendationdor Switch Schemes

All source-basedwitch algorithmsoperatingin VC meige switchesneedto avoid the needto distinguish
amongsourcesin the sameVC. Key lessondearnedfrom this study (refer to section4.3 for supporting

argumentsjnclude:

1. Source-lgel accountingshouldnotbeperformedn multipointrateallocationalgorithms.For example,
measuringheratesfor eachsource or distinguishingoverloadingandunderloadingourcesannotbe
performed.If suchaccountings performedattheVC level or theflow level, anadditionalmechanism

to divide VC or flow bandwidthamongsourcess necessary
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2. Estimatingthe effective numberof active sourcesn orderto divide the availablecapacityamongthem
is very difficult in multipoint connectionssinceit is impossibleto distinguishamongsourcesn the

samemultipoint VC with VC meigeimplementations.

3. Theonly informationa multipoint rateallocationalgorithmcanuseis theinformationsuppliedin RM

cells,in additionto aggregatemeasurementsf load,capacityandqueuingdelays.

4. CCRvaluesfrom BRM cellsshouldnotbeusedin computingrateallocationsfor sourcesn multipoint
connectionssincethe CCR value canbe that of anothersourcethat doesnot go throughthe switch
performingthe computation.Thatsourcemay have a muchhigherbottleneckrate,andusingits CCR

canresultin unfairness.

5. CCRvaluesfrom FRM cellscanbe usedto computerateallocationsfor sourcesn multipointconnec-
tions,eventhoughthe CCRusedto computeheratefor asourcemaynotactuallybethe CCRvalueof
the source.This doesnot createproblemsdueto the propertiesof the meigedflow (section4.1). The
maximumCCR value seenin anintenal canbe usedinsteadof the CCR of the source. Exponential
averagingof the maximumCCR seenor maximumER given may furtherimprove the performancef

thealgorithm.

6. Merge point algorithmsshouldavoid changingthe BRM to FRM ratio at the sourceor insidethe net-
work, to maintainthe rate of feedbackthat the sourcerequires,and avoid excessie overheadin the
network. Scalabilityof the schemés alsoaffectedby theseratios. Excessie compleity, noise,and
respons¢ime canalsobe avoidedby returningthe BRM cellscomingfrom theroot, insteadof turning

aroundthe RM cellsatthe meige points(sectior4.4).

We have designedndsimulatedanO(1) algorithmfor computingsource-basefir allocationdor multipoint-
to-pointand point-to-pointconnections.The algorithmusessimpleaggrgatemeasurementand maximum
CCRvaluesrom FRM cellsduringsuccessk intenalsto performratecomputation Thealgorithmis fair and
convergesrapidly for the configurationdested. More extensve performanceanalysisis crucialto examine
the fairness,compleity, overhead transientresponsedelays,and scalability tradeofs in multipoint algo-
rithm design. Extendingmultipoint-to-pointschemegor multipoint-to-multipoint connectionsanbe easily
performedby combiningpoint-to-multipointalgorithms(suchasthosedevelopedin [6]) with the proposed

multipoint-to-pointalgorithm.We arecurrentlyextendingtheseconceptso TCP/IPnetworks.
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