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Abstract: In a multi-servicenetwork suchasATM, adaptive dataservices(suchasABR) sharetheband-
width left unusedby higherpriority services.Thenetwork indicatesto theABR sourcesthefair andefficient
ratesat which they shouldtransmitto minimize their cell loss. Switchesmustconstantlymeasurethede-
mandandavailablecapacity, anddividethecapacityfairly amongthecontendingconnections.In thispaper,
we proposea new methodfor determiningthe“effective” numberof active connections,andthefair band-
width sharefor eachconnection.We prove theefficiency andfairnessof theproposedmethodanalytically,
anduseseveralsimulationsto illustrateits fairnessdynamicsandtransientresponseproperties.

Keywords: congestioncontrol, fair bandwidthallocation,traffic management,ATM networks, ABR ser-
vice,ERICA

1 Introduction

ATM networks offer five servicecategories: constantbit rate(CBR), real-timevariablebit rate(rt-VBR),
non-realtime variablebit rate (nrt-VBR), availablebit rate (ABR), andunspecifiedbit rate (UBR). The
ABR andUBR servicecategoriesarespecificallydesignedfor datatraffic. TheABR serviceprovidesbetter
servicefor datatraffic thanUBR by frequentlyindicatingto the sourcesthe rateat which they shouldbe
transmittingto minimizeloss.For thisreason,anATM switchmustcontinuouslycomputeafair andefficient
bandwidthsharefor eachof thecurrentlyactive ABR connections.�

Thispaperis anextendedversionof paper[7] presentedattheIEEEInternationalConferenceonCommunications(ICC) 1998.
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Determiningthefair bandwidthsharefor theactive ABR connectionsis a complex problem.A numberof
fairnessobjectives,includingmax-minfairnessandproportionalfairnesshave beenproposed.Intuitively,
max-minfairnessmeansthatif aconnectionis bottleneckedelsewhere,it shouldbeallocatedthemaximum
it canuseat this switch,andtheleft over capacityshouldbefairly dividedamongtheconnectionsthatcan
useit. The switch shouldindicatethis fair bandwidthshareto the sources,while alsoaccountingfor the
loadandqueuingdelaysat theswitch.

This paperproposesa novel methodto determinethefair bandwidthsharefor theactive ABR connections,
andanalyzestheperformanceof this methodusingbothsimplemathematicalproofsandsimulations.The
remainderof thepaperis organizedasfollows. In thenext section,we review theABR flow controlmech-
anismsin ATM networks. Then,wedescribetheoriginalERICA switchalgorithm[14] which is employed
in this studyasa framework on which to developthenew method.Sections4 and5 point out someprob-
lemswith the original ERICA algorithm,anddescribehow ERICA hassolved theseproblems.We then
describeour proposedmethod(which alsoovercomesthoseproblems),andgive a proof of its correctness,
andanumberof examplesof its operation.Finally, weanalyzetheperformanceof theproposedmethodand
compareit to ERICA.

2 The ABR Flow Control Mechanism

As previouslymentioned,theABR servicefrequentlyindicatesto thesourcestherateat which they should
be transmitting. The switchesmonitor their load, computethe available bandwidthand divide it fairly
amongtheactiveflows. Thefeedbackfromtheswitchesto thesourcesis indicatedin ResourceManagement
(RM) cellswhich aregeneratedperiodicallyby thesourcesandturnedaroundby thedestinations.Figure1
illustratesthisoperation.

Figure1: Resourcemanagementcellsin anATM network

The RM cells containthe sourcecurrentcell rate(CCR), in additionto several fields that canbe usedby
the switchesto provide feedbackto the sources.Thesefields are: the explicit rate(ER), the congestion
indication (CI) flag, and the no increase(NI) flag. The ER field indicatesthe rate that the network can
supportfor this connectionat that particularinstant. At the source,the ER field is initialized to a rateno
greaterthanthe PCR(peakcell rate),andtheCI andNI flagsareusuallyreset.On thepath,eachswitch
reducestheERfield to themaximumrateit cansupport,andsetsCI or NI if necessary[9].

TheRM cellsflowing from thesourceto thedestinationarecalledforwardRM cells (FRMs)while those
returningfrom thedestinationto thesourcearecalledbackwardRM cells (BRMs) (seefigure1). Whena
sourcereceivesaBRM cell, it computesits allowedcell rate(ACR)usingits currentACRvalue,theCI and
NI flags,andtheERfield of theRM cell [11].
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2.1 Fairness Criterion

Theoptimaloperationof adistributedsharedresource,bandwidthin our case,is givenby a criterioncalled
themax-minallocation[8, 2, 15]. This fairnessdefinitionis themostintuitive, thoughproportionalsharing
hasrecentlygainedsignificantattention.Max-min allocationgivesequalsharesto sourcesbottlenecked at
thesamelink, utilizing all capacityleft overby non-bottleneckedsources.Givenaconfigurationwith � con-
tendingsources,supposethe

�����
sourceis allocateda bandwidth�
	 . Theallocationvector ����������������������
�
�

is feasibleif all link loadlevelsarelessthanor equalto 100%.Givenanallocationvector, thesourcewith
the leastallocationis, in somesense,the “unhappiestsource.” We find the feasiblevectorsthat give the
maximumallocationto this unhappiestsource(thusmaximizingtheminimumsource,or max-min).Then,
weremovethis“unhappiestsource”andreducetheproblemto thatof theremaining����� sourcesoperating
on a network with reducedlink capacities.We repeatthis processuntil all sourceshave beenallocatedthe
maximumthatthey canobtain.

3 The Original ERICA Switch Algorithm

Severalswitchalgorithmshave beendevelopedto computethefeedbackto beindicatedto ABR sourcesin
RM cells[1, 13, 16, 17, 12]. TheERICA algorithm[10, 12] is oneof theearliestandmoststudiedexplicit
ratealgorithms. The main advantagesof ERICA areits low complexity, fast transientresponse,efficient
allocations,andcontrolledqueuingdelay.

In this section,wepresentthebasicfeaturesof theoriginalalgorithmandexplain their operation.Thenext
sectionsdescribeanadditionto thebasicalgorithm,anda new alternative methodto determinethenumber
of active connections.For amorecompletedescriptionof thealgorithmandits performance,referto [12].

TheERICA switchperiodicallymonitorstheloadoneachlink anddeterminesa loadfactor, � , theavailable
capacity, andthe numberof currentlyactive virtual connections(VCs). The load factor is calculatedas
follows:

��� ABR InputRate
ABR Capacity

where:
ABR Capacity� TargetUtilization  Link Bandwidth� VBR Usage� CBRUsage.

Theinput rateandoutputlink ABR capacityaremeasuredover an interval calledtheswitchmeasurement
interval. Theabove stepsareexecutedat theendof theswitchmeasurementinterval. Targetutilization is a
parameterwhich is setto a fractionbasedoncurrentqueuingdelay. Theloadfactor, � , is anindicatorof the
congestionlevel of thelink. Theoptimaloperatingpoint is at � closeto one.

Thefair shareof eachVC, !�" ��#%$'& " #)( , is alsocomputedasfollows:

FairShare� ABR Capacity
Numberof Active Connections

The switchallows eachconnectionsendingat a ratebelow the !�" ��#%$'& " #)( to rise to !�" ��#%$'& " #)( . If the
connectiondoesnotuseall of its !*" ��#%$'& " #)( , thentheswitchfairly allocatestheremainingcapacityto the
connectionswhichcanuseit. For thispurpose,theswitchcalculatesthequantity:

VCShare� +*+�,
�
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If all VCschangedtheir rateto their - + $'& " #)( values,then,in thenext cycle,theswitchwouldexperience
unit load ( �/.0� ). - + $'& " #)( aimsat bringing the systemto an efficient operatingpoint, which maynot
necessarilybe fair. A combinationof the - + $'& " #)( and !�" ��#%$'& " #)( quantitiesis usedto rapidly reach
optimaloperationasfollows:

ERCalculated� Max (FairShare,VCShare)

ThecalculatedERvaluecannotbegreaterthantheABR Capacitywhichhasbeenmeasuredearlier. Hence,
wehave:

ERCalculated� Min (ERCalculated,ABR Capacity)

To ensurethat thebottleneckER reachesthesource,eachswitchcomputestheminimumof theER it has
calculatedasabove andtheERvaluein theRM cell, andindicatesthisvaluein theERfield of theRM cell.

Thealgorithmdescribedabove is thebasicalgorithm,but severalotherstepsarecarriedout to avoid tran-
sientoverloadsandvariationsin measurement,anddrain the transientqueues.Moreover, thealgorithmis
modifiedto achieve max-minfairnessasdescribedin sections5 and6.

4 The Measurement Interval

ERICA measuresthe requiredquantitiesover consecutive intervals andusesmeasuredquantitiesin each
interval to calculatethe feedbackin the next interval. The lengthof the measurementinterval limits the
amountof variationwhich canbe eliminated. It alsodetermineshow quickly the feedbackcanbe given
to thesources,becauseERICA givesthesamefeedbackvaluepersourceduringeachmeasurementinter-
val. Longerintervals producebetteraverages,but slow down the rateof feedback.Shorterintervals may
resultin morevariationin measurements,andmayconsistentlyunderestimateor overestimatethemeasured
quantities.

The ERICA algorithmestimatesthe numberof active VCs to usein the computationof the fair shareby
consideringa connectionactive if thesourcesendsat leastonecell during themeasurementinterval. This
canbeinaccurate if thesourceis sendingata low rateandthemeasurementinterval is short.Exponentially
averagingthenumberof active connectionsover successive intervalsproducesmoreaccurateestimates,but
maystill underestimatethe numberof connectionsif themeasurementinterval is short. In this paper, we
proposea moreaccuratemethodfor estimatingconnectionactivity. The new methodis insensitive to the
lengthof themeasurementinterval. It alsoeliminatestheneedto performsomeof thestepsof theERICA
algorithm,asdescribedin thenext section.

5 The Fairness Problem and ERICA Solution

Assumingthat measurementsdo not exhibit extremelyhigh variation,theoriginal ERICA algorithmcon-
vergesto efficientoperationin all cases.Theconvergencefrom transientconditionsto thedesiredoperating
point is rapid, often taking lessthana roundtrip time. We have, however, discoveredcasesin which the
original algorithmdoesnot convergeto max-minfair allocations.This happensif all of thefollowing three
conditionsaremet: (1) theloadfactor� becomesone,(2) therearesomeconnectionswhicharebottlenecked
upstreamof theswitchunderconsideration,(3) thesourceratefor all remainingconnectionsis greaterthan
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the !�" �1#)$2& " #3( . In this case,thesystemremainsin its currentstate,becausethe term
+*+�,*4 � is greater

than !�" �1#)$2& " #3( for thenon-bottleneckedconnections.

This problemwasovercomein ERICA as follows. The algorithm is extendedto rememberthe highest
allocationmadeduring eachmeasurementinterval, and ensurethat all eligible connectionscanalsoget
this samehigh allocation. To do this, 56"%�87:9;9;<�=?> #)(�@%� <�ACB storesthe maximumallocationgiven in the
previous interval. For �EDF��G6H , where H is a small fraction, we usethe basicERICA algorithmand
allocateMax (FairShare,VCShare). But, for �JIK��GLH , weattemptto makeall therateallocationsequal,by
assigningERto Max (FairShare,VCShare,MaxAllocPrevious).Theaimof introducingthequantity H is to
forcetheallocationof equalrateswhentheoverloadis fluctuatingaroundunity, thusavoiding unnecessary
rateoscillations.Theremainderof thispaperproposesamoreaccuratemethodto computethemax-minfair
sharesfor all thecontendingconnections.

6 An Accurate Method to Determine the Fair Bandwidth Share

As previously discussed,ERICA determinesthenumberof active connectionsby consideringa sourceas
active if at leastonecell from this sourceis sentduringthemeasurementinterval. A moreaccuratemethod
to computeactivity andeliminatetheneedfor theproposedsolutionto thefairnessproblemis to computea
quantitythatwecall the“effectivenumberof activeVCs” andusethisquantityto computethe !�" ��#%$'& " #)( ,
asdescribednext.

6.1 Basic Idea

We redefinethe !�" ��#%$'& " #)( quantityto be the maximum share a VC could get at this switch under max-
min fairness criteria. Hence,the !�" �1#)$2& " #3( is calculatedasfollows:

FairShare. ABR capacity
Effective numberof active VCs

Themain innovation is thecomputationof theeffective numberof active VCs. Thevalueof theeffective
numberof activeVCsdependsontheactivity level of eachof theVCs. Theactivity level of aVC is defined
asfollows:

Activity level . Min MN��� SourceRate!*" ��#%$'& " #)(CO
Thus,VCsthatareoperatingator abovethe !*" ��#%$'& " #)( areeachcountedasone.TheVCsthatareoperating
below the !*" ��#%$'& " #)( (becausethey arenotbottleneckedatthisswitch,or becausethey arevariabledemand
applications)only contribute a fraction. TheVCs thatarebottlenecked at this switchareconsideredfully
active while otherVCsareconsideredpartiallyactive.

Theeffective numberof active VCs is thesumof theactivity levelsfor all VCs:

Effective numberof active VCs .KP 	 Activity level of VC 	
Notethatthedefinitionof activity level dependsuponthe !�" ��#%$'& " #)( , andthedefinitionof the !*" ��#%$'& " #)(
dependsupontheactivity levels.Thus,thedefinitionsarerecursive. Ideally, wewouldneedto iterateseveral
timesgiventheratesof variousVCs.
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6.2 Examples of Operation

Example 1 (stability):

Figure2: UpstreamConfiguration

Considertheupstreambottleneckcasewith 17VCsshown in figure2. Wehaveshown thatthisconfiguration
demonstratestheunfairnessof theoriginal ERICA algorithmasdescribedin section3, which necessitates
theadditiondescribedin section5.

Assumethatthetargetcapacityis 150Mbps. For thesecondswitch,whentheratesfor (
$ � , $ ��Q , $ �SR ) are

(10,70,70):

Iteration1: FairShare= 70Mbps
Activity = (10/70,70/70,70/70)= (1/7,1, 1)
Effective numberof active VCs= 1 + 1 + 1/7= 15/7

Iteration2: FairShare= Target capacity/Effective numberof active VCs = 150/2.14= approximately
70Mbps

Hence,thisexampleshowsthatthesystemis stableat theallocationof (10,70,70). At any otherallocation,
theschemewill calculatetheappropriate!�" ��#%$'& " #)( thatmakestheallocationeventuallyreachthis point,
asseenin thenext two examples.

Example 2 (rising from a low FairShare):

For thesameconfiguration,whentheratesare(10,50,90):

AssumethattheEffective numberof active VCs= 3
Iteration1: FairShare= 150/3= 50Mbps

Activity = (10/50,50/50,1) = (0.2,1, 1)
Effective numberof active VCs= 0.2+ 1 + 1 = 2.2

Iteration2: FairShare= 150/2.2= approximately70Mbps

Again,theschemereachestheoptimalallocationwithin a few roundtrip times.

Example 3 (dropping from a high FairShare):

For thesameconfiguration,whentheratesare(10,50,90),supposethattheeffective numberof active VCs
is initially 2:

Iteration1: FairShare= 150/2= 75Mbps
Activity = (10/75,50/75,1) = (0.13,0.67,1)
Effective numberof active VCs= 0.13+ 0.67+ 1 = 1.8
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Iteration2: FairShare= 150/1.8= 83.33Mbps

Supposethesourcesstartsendingat thenew rates,exceptfor thefirst onewhichis bottleneckedat10Mbps.
Also assumethatFairShareis still at83.33Mbps.

Activity = (10/83.33,83.33/83.33,83.33/83.33)= (0.12,1, 1)
Effective numberof active VCs= 0.12+ 1 + 1 = 2.12
FairShare= 150/2.12= approximately70Mbps

Again, theschemereachestheoptimalallocationafterthesourcesstartsendingat thespecifiedallocations,
which is within a few roundtrip times.

6.3 Derivation

The following derivation shows how we have verified the correctnessof our methodof calculationof the
numberof active connections.The new algorithmis baseduponsomeof the ideaspresentedin the MIT
scheme[3, 4, 5]. However, this algorithmdoesnot suffer from theknown drawbacksof theMIT scheme:
its highcomplexity, possibleunderutilization,andinsensitivity to queuingdelay.

Thederivation dependson classifyingactive VCs aseitherunderloadingVCs or overloadingVCs. A VC
is overloadingif it is bottlenecked at this switch;otherwisetheVC is saidto beunderloading. In theMIT
scheme,aVC is determinedto beoverloadingby comparingthecomputed!�" ��#%$'& " #)( valueto thedesired
rateindicatedby theVC source.In ourscheme,weclassifyaVC asoverloadingif its sourcerateis greater
thanthe !�" ��#%$'& " #)( value.Our algorithmonly performsoneiterationevery measurementinterval ( TUMN� O ),
andis notof thecomplexity of theorderof thenumberof VCs ( TVM;W O ), aswith theMIT scheme.

The MIT schemehasbeenproven to computemax-min fair allocationsfor connectionswithin a certain
numberof roundtrips (seetheproof in [4]). Accordingto theMIT scheme:

!�" ��#%$'& " #)( . ABR Capacity�YXLZ\[	�]^`_ A
	a � acb
where:_ A
	 = Rateof

�����
underloadingsource( ��I � I a b )a

= Totalnumberof VCsa b
= Numberof underloadingVCs

Substituting
aed

for thedenominatorterm,thisbecomes:

FairShare. ABR Capacity�fXeZ\[	�]^g_ A 	a d
where:a d

= Numberof overloadingVCs (
a b G a d . a )

Multiplying bothsidesby
a d

, weget:

!*" ��#%$'& " #)(  a d . ABR Capacity� Zh[P	�]^ _ A
	

7



Adding XeZ\[	�]^g_ A 	 to bothsidesproduces:

!*" ��#%$'& " #)(  a d G Z [P	�]^ _ A
	i. ABR Capacity

Factoring!�" �1#)$2& " #3( out in theleft handside:

!�" ��#%$'& " #)(  /M a d G Z\[P	�]^
_ A
	!�" ��#%$'& " #)(CO . ABR Capacity

Or:

!�" ��#%$'& " #)( . ABR Capacitya d GjXLZh[	k]^ l
bSmnpo 	rq�s � o q�t

Substituting
a tNu�u , weget:

!�" ��#%$'& " #)( . ABR Capacitya tvu�u
where: a tNu�u . aed G Z [P 	k]^

_ A
	!�" ��#%$'& " #)(
This meansthat the effective numberof active VCs is equalto the numberof overloadingsources,plus
the fractional activity of underloadingsources. This is the key equationwe have proposedabove, and
implementedasdiscussedin thenext subsection.

6.4 Algorithm Pseudo-code

This sectionexplainshow the new algorithmwasimplementedand incorporatedinto the ERICA switch
algorithm.Thefollowing variablesareintroduced:

w Wyx o{z � : Effective numberof active VCs in thelastmeasurementinterval.

w Wy| b qNq�t1� � : Effective numberof active VCsbeingaccumulatedfor thecurrentmeasurementinterval.

w Activity: Thisarrayis maintainedfor eachVC. It is setto onefor overloadingsources(anoverloading
sourceis asourcewhoseCCRexceedsits !�" �1#)$2& " #3( value).Theactivity of aVC issetto thefraction
obtainedfrom dividing the CCR of the VC by the !�" ��#%$'& " #)( value in the caseof underloading
sources.

w FirstCellSeen:This is alsomaintainedfor eachVC, andis only usedto avoid theinitializationeffects
of theVC. It is onebit that is setto oneif theVC hasshown any signof activity; otherwise,it is set
to zero.

w VCsSeen:The sumof the VCs whoseFirstCellSeenflag is set. Also usedto avoid initialization
effects.

INITIALIZATION:
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1. Wyx o{z � = numberof VCssetup

2. !�" ��#%$'& " #)( . ABR Capacity
4 Wyx o{z �

3. W | b qNq�t1� � = 0

4. VCsSeen= 0

5. FORALL VCsDO
Activity [VC] = 0
FirstCellSeen[VC] = 0

END (* FOR*)

6. Initialize otherERICA variables

END OF MEASUREMENT INTERVAL:

1. IF (VCsSeenD}.~Wyx o�z � )W�x o�z � = max(1, Wy| b qNq�t1� � )
END (* IF *)

2. Wy| b qNq�t1� � = 0

3. !�" ��#%$'& " #)( . ABR Capacity
4 Wyx o{z �

4. FORALL VCsDO
Activity [VC] = min (1, CCR[VC]/ !*" ��#%$'& " #)( )W�| b qvq�t�� � = Wy| b qNq�t�� � + Activity [VC]

END (* FOR*)

5. UpdateOverloadFactor, andupdateor resetotherERICA variables

CELL IS RECEIVED IN FORWARD DIRECTION:

1. Do NOT updateW | b qNq�t1� � asusedto bedonewith ERICA

2. IF (NOT FirstCellSeen[VC]) THEN
FirstCellSeen[VC] = 1
VCsSeen= VCsSeen+ 1

END (* IF *)

3. UpdateCCR[VC]

BRM CELL TO BE SENT IN REVERSE DIRECTION:
ERComputed= Max (FairShare,CCR[VC]/OverloadFactor)

Observe that theFirstCellSeenarrayandtheVCsSeencounterareonly usedfor the purposeof removing
initializationeffectsfrom thesimulation,andwill not exist in a realimplementation.Thus,in a realimple-
mentation,nosteps(otherthansourcerateestimation)will becarriedoutwhena cell is seen,whichmeans
thatthealgorithmwill have a low complexity.
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7 Performance Analysis

The new algorithmhasbeentestedfor a variety of networking configurationsusingseveral performance
metrics. The resultsweresimilar to the resultsobtainedwith the ERICA algorithm[10], exceptthat the
new algorithmis max-minfair (withoutexecutingthemax-minfairnessstepdescribedin section5 above),
andalsothealgorithmis lesssensitive to thelengthof themeasurementinterval. A sampleof theresultsis
discussedin thissection.

7.1 Parameter Settings

Throughoutourexperiments,thefollowing parametervaluesareused:

1. All links have abandwidthof 155.52Mbps.

2. All links are1000km long.

3. All VCsarebidirectional.

4. The sourceparameterRateIncreaseFactor (RIF) is set to one, to allow immediateuseof the full
explicit rateindicatedin thereturningRM cellsat thesource.

5. ThesourceparameterTransientBuffer Exposure(TBE) is setto largevaluesto preventratedecreases
dueto thetriggeringof thesourceopen-loopcongestioncontrolmechanism.Thiswasdoneto isolate
theratereductionsdueto theswitchcongestioncontrolfrom theratereductionsdueto TBE.

6. The switch target utilization parameterwassetto 90%. This factoris usedto scaledown theABR
capacityterm usedin the ERICA algorithm. Alternatively, it canbe dynamicallycomputedbased
uponthecurrentqueuingdelayat theswitch.

7. Theswitchmeasurementinterval wassetto theminimumof thetime to receive 100cellsand1 ms.

8. All sourcesaredeterministic,i.e.,theirstart/stoptimesandtheirtransmissionratesareknown. Hence,
we did not needto conductseveral simulationruns(with differentrandomnumbergeneratorseeds)
andaveragetheresults.

7.2 Simulation Results

The simulationsperformedfocuson two main aspectsof the new scheme:its fairness,and its transient
response.

7.2.1 Fairness

In orderto testthe fairnessof thenew algorithm,we simulateda threesourceconfigurationwhereoneof
the sourcesis bottlenecked at a low rate (10 Mbps). Hence,even thoughthe network gives that source
feedbackto increaseits rate, it never sendsat a rate fasterthan 10 Mbps. The other two sourcesstart
transmissionat differentinitial rate(ICR) values.Theaim of this configurationis to examinewhetherthe
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two non-bottleneckedsourceswill reachthesameACRvalues,utilizing thebandwidthleft over by thefirst
source.

Figure3 illustratesthetopologyof theconfigurationsimulated.Notethattheroundtrip timefor the
$'�

and$'�
connectionsis 30 ms,while that for the

$ � connectionis 40 ms. This configurationis almostidentical
to theoneusedin theexamplesin section6 (figure2), exceptthatconnection

$ � to ��� is bottlenecked at
thesource

$ � itself, andnot at “Link 1.” Thereasonwe choseto demonstratea sourcebottlenecksituation
here(andnot a link bottlenecksituationlike figure2) is to demonstratetheeffect of usingtheCCRfield in
theRM cellsversusmeasuringthesourcerate.

Figure3: Threesourceconfiguration

Theresultsarepresentedin theform of threegraphsfor eachconfiguration:

1. Graphof allowedcell rate(ACR) in Mbpsover time for eachsource.

2. Graphof ABR queuelengthsin cellsover timeat thebottleneckport.

3. Graphof theeffective numberof active VCs W tNu�u at thebottleneckport.

Figure4 illustratestheperformanceof theoriginal ERICA algorithmwithout thefairnessstepdiscussedin
section5. Source

$ � is the bottlenecked source. Sources
$2�

and
$'�

startsendingat different ICR (and
henceACR) values. Their ICR valuesandthat of

$ � addup to little morethanthe the link rate,so the
initial � valueat theswitchis almostone.Observe thattheratesof

$'�
and

$2�
remaindifferent,leadingto

unfairness.Thenumberof active VCs is determinedusingtheoriginalERICA method,sotheswitchsees3
sources(seefigure4(c)),andthe !�" ��#%$'& " #)( valueremainsataround50Mbps.Hence,thesource

$'�
never

increasesits rateto make useof thebandwidthleft overby
$ � andonly

$'�
utilizesthisbandwidth.

Figure5 illustrateshow thefairnessproblemwasovercomein ERICA by thechangedescribedin section5.
In this case,thesourcesaregiventhemaximumallocationin caseof underloador unit load,andhenceall
sourcesgetanequalallocation.Themodifiedalgorithmis max-minfair.

Figure6 illustratestheresultswith thenew methodto calculatethefair shareof thebandwidth.Observe that
theallocationsaremax-minfair in this case,without needingto apply themaximumallocationalgorithm
asin thepreviouscase.This is becausethenew methodusedto computethe“effective” numberof active
connectionsis used.Figure6 shows thatafter the initialization period,theeffective numberof active VCs
stabilizesat 1 (for

$'�
), plus1 (for

$'�
), plus10/50(for

$ � ), which gives ��G���G���� � . � � � sources.The
methodalsostabilizesto thecorrectvalueeven if thelengthof themeasurementinterval is short, unlike the
original methodwherethelengthof themeasurementinterval mustbelong enoughto detectcells from all
sources,evenlow-ratesources.
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Figure4: Resultsfor a WAN threesourcebottleneckconfigurationwith theoriginalERICA

Theproposedmethodworkscorrectlyfor all caseswhentherearelink bottlenecksatvariouslocations(e.g.,
theconfigurationin figure2), sinceit correctlycomputestheactivity level of eachconnectionbasedon its
CCR value. However, observe that in source bottleneck cases,the CCR valuecannotbe simply obtained
from the forward RM cells,but mustbemeasuredby the switches.This is because,in sourcebottleneck
situations,thesourceindicatesits ACR valuein theCCRfield of theRM cell, but thesourcemayactually
besendingat amuchlower ratethanits ACR.

For example,for the configurationdiscussedabove (figure 3), assumethat we wererelying on the CCR
valuesin theRM cells.Figure7 showsthatthenew methodis not fair in thiscase,sincesource

$ � indicates
anACR of 50 Mbpssotheeffective numberof active connectionsstabilizesat 3 (seefigure7(c)), andthe!�" �1#)$2& " #3( remainsat 50 Mbps. But source

$ � is only sendingat 10 Mbps. CCR measurementat the
switchdetectsthis,andhencearrivesat thecorrectallocationasseenin figure6.
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Figure5: Resultsfor aWAN threesourcebottleneckconfigurationwith ERICA
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Figure6: Resultsfor a WAN threesourcebottleneckconfigurationwith the proposedERICA andsource
ratemeasurementat theswitch
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Figure7: Resultsfor aWAN threesourcebottleneckconfigurationwith theproposedERICA
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7.2.2 Transient Response

Oneof the main propertiesof the new algorithmis that, unlike the MIT scheme,it is TVMN� O . Due to this,
morethanoneroundtrip time maybe requiredto arrive at theoptimalallocations.In orderto determine
if theproposedmethodhasa significantlyslower transientresponsedueto its recursive operation,we run
anothersetof simulations.

Figure8 illustratesthetwo-sourceconfigurationwe usedin this setof simulations.Theroundtrip time for
eachconnectionis 30 ms. Thenew algorithmwassimulatedfor this configuration,wherethefirst source
is active throughoutthe simulationperiod,while the secondsourcestartssendingafter 60 ms andstops
sendingdataat120ms.Bothsourcesarepersistentsourceswhile they areactive.

Figure8: Two sourceconfiguration

Theresultsarepresentedin theform of two graphsfor eachconfiguration:

1. Graphof allowedcell rate(ACR) in Mbpsover time for eachsource.

2. Graphof link utilization (asapercentage)over time for thebottlenecklink.

Figures9 and10show theperformanceof theERICA algorithm(with thefairnessmodification)versusthe
performanceof theproposedalgorithm.It is clearthatthetransientresponseof bothmethodsis comparable.
Thenew methodis slightly slowerin reducingtheratesin thestart-upperiodof thesecondsource,dueto the
recursive natureof thealgorithm.However, thedifferenceis small,andthebenefitsof themethodoutweigh
theslower response.

7.3 Observations on the Results

Fromthesimulationresults,wecanmakethefollowing observationsabouttheperformanceof theproposed
algorithm:

w During transientphases,if the !�" ��#%$'& " #)( valueincreases,the W tNu�u valuedecreases(sinceit uses
the !�" ��#%$'& " #)( valuein thedenominator),and !�" ��#%$'& " #)( further increases(sinceit usesW tNu�u in
thedenominator),so W tNu�u furtherdecreases,andsoon,until thecorrectvaluesof sourcerate, W tvuSu
and !�" ��#%$'& " #)( arereached.Thentheproposedschemeis provably fair andefficient in steadystate
(seefigure6(a)and(c)).

w Using very small measurementinterval valuesresultsin more problemsfor the original ERICA
schemethanwith the proposedscheme,becausethe proposedschemedoesnot measurethe effec-
tive numberof active connectionsby observingif cellsarereceived from thatconnectionduringthe
measurementinterval. Hence,evenif themeasurementinterval is soshortsuchthatnocellsareseen
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Figure9: Resultsfor aWAN transientconfigurationwith ERICA
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Figure10: Resultsfor a WAN transientconfigurationwith theproposedERICA andsourceratemeasure-
mentat theswitch
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from many low-ratesources,the proposedmethodcancomputethe !�" ��#%$'& " #)( of the bandwidth
correctly.

w Withoutsourceratemeasurementat theswitchfor eachVC, thevalueof W tvuSu dependson thesource
ACR,which is not thesameasthesourceratefor sourcebottleneckcases.Thus, W tvu�u is too largein
thosecases,andthe !�" ��#%$'& " #)( termis lessthantheCCRby Overloadterm,leadingto unfairness.
With per-VC sourceratemeasurement,thevalueof W tNu�u is correct.

8 Summary

This paperhasproposedanddemonstrateda new methodto computethe fair bandwidthsharefor ABR
connectionsin ATM networks.Themethodreliesondistinguishingbetweenunderloadingconnectionsand
overloadingconnections,andcomputingthe valueof the “effective” numberof active connections,based
on theiractivity levels.Theavailablebandwidthis dividedby thiseffectivenumberof active connectionsto
obtainthefair bandwidthshareof eachconnection.

The methodis provably max-minfair, andcanbeusedto ensuretheefficiency andfairnessof bandwidth
allocations.Integratingthis methodinto ERICA tacklesthefairnessandmeasurementinterval problemsof
ERICA, while maintainingthefasttransientresponse,queuingdelaycontrol,andsimplicity of theERICA
scheme.Analysisandsimulationresultswereusedto investigatethe performanceof the method. From
the results,it is clearthe methodovercomesthe fairnessproblemwith the original ERICA, aswell asits
excessive sensitivity to thelengthof themeasurementinterval.

We have extendedthis methodto includeminimum rateboundsin [18]. We have alsousedit for point-
to-multipoint connections,andnotedextensionsrequiredfor multipoint-to-pointconnections[6]. We are
currentlyinvestigatingusingasimilar load-basedtechniquefor RandomEarlyDetection(RED)andExplicit
CongestionNotification(ECN)markingin theInternet.
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