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Abstract: In a multi-servicenetwork suchasATM, adaptve dataserviceqsuchasABR) sharethe band-
width left unuseddy higherpriority servicesThenetwork indicatego the ABR sourceghefair andeficient
ratesat which they shouldtransmitto minimize their cell loss. Switchesmustconstantlymeasurehe de-
mandandavailablecapacityanddivide the capacityfairly amongthecontendingzonnectionsln this papey
we proposea new methodfor determiningthe “effective” numberof active connectionsandthefair band-
width sharefor eachconnection We prove the efficiengy andfairnessof the proposednethodanalytically
anduseseveral simulationgo illustrateits fairnesslynamicsandtransientresponseroperties.

Keywords: congestiorcontrol, fair bandwidthallocation,traffic managementATM networks, ABR ser
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1 Introduction

ATM networks offer five servicecatgories: constantit rate (CBR), real-timevariablebit rate (rt-VBR),
non-realtime variablebit rate (nrt-VBR), available bit rate (ABR), and unspecifiedbit rate (UBR). The
ABR andUBR servicecatagyoriesarespecificallydesignedor datatraffic. The ABR serviceprovidesbetter
servicefor datatraffic than UBR by frequentlyindicatingto the sourceghe rate at which they shouldbe
transmittingto minimizeloss. For thisreasonanATM switchmustcontinuouslhycomputeafair andefficient
bandwidthsharefor eachof the currentlyactive ABR connections.

*This papelis anextendedversionof paper{7] presentedtthe | EEE InternationalConferencen Communication$lCC) 1998.



Determiningthe fair bandwidthsharefor the active ABR connectionsgs a comple problem. A numberof
fairnessobjectives, including max-minfairnessand proportionalfairnesshave beenproposed.Intuitively,

max-minfairnessaneanghatif aconnectioris bottleneckd elsavhere, it shouldbe allocatedthe maximum
it canuseat this switch,andtheleft over capacityshouldbefairly dividedamongthe connectionghatcan
useit. The switch shouldindicatethis fair bandwidthshareto the sourceswhile alsoaccountingfor the
loadandqueuingdelaysat the switch.

This paperproposes novel methodto determinethe fair bandwidthsharefor the active ABR connections,
andanalyzeghe performancef this methodusingboth simplemathematicaproofsandsimulations.The
remaindeiof the paperis organizedasfollows. In the next sectionwe review the ABR flow controlmech-
anismsn ATM networks. Then,we describehe original ERICA switchalgorithm[14] whichis emplged
in this studyasa framevork on which to develop the new method. Sections4 and5 point out someprob-
lemswith the original ERICA algorithm,and describehow ERICA hassolved theseproblems. We then
describeour proposednethod(which alsoovercomeghoseproblems) andgive a proof of its correctness,
andanumberof examplesof its operation Finally, we analyzethe performancef the proposednethodand
comparét to ERICA.

2 The ABR Flow Control Mechanism

As previously mentionedthe ABR servicefrequentlyindicateso the sourceghe rateat which they should
be transmitting. The switchesmonitor their load, computethe available bandwidthand divide it fairly
amongtheactve flows. ThefeedbacKrom theswitchegdo thesourcess indicatedn ResourcéManagement
(RM) cellswhich aregenerategberiodicallyby the sourcesandturnedaroundby the destinationsFigurel
illustratesthis operation.
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Figurel: Resourcenanagemertellsin an ATM network

The RM cells containthe sourcecurrentcell rate (CCR),in additionto several fields thatcanbe usedby

the switchesto provide feedbackto the sources. Thesefields are: the explicit rate (ER), the congestion
indication (Cl) flag, andthe 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),andthe Cl andNI flagsare usuallyreset. On the path,eachswitch

reducesheER field to the maximumrateit cansupportandsetsCl or NI if necessaryo].

The RM cells flowing from the sourceto the destinatiorare calledforward RM cells (FRMs)while those
returningfrom the destinatiorto the sourcearecalledbackward RM cells (BRMs) (seefigure1). Whena
sourcerecevesa BRM cell, it computests allowed cell rate(ACR) usingits currentACR value,the Cl and
NI flags,andthe ER field of theRM cell [11].



2.1 FairnessCriterion

The optimal operationof a distributedsharedesourcebandwidthin our casejs givenby a criterioncalled
themax-minallocation[8, 2, 15]. Thisfairnesdefinitionis the mostintuitive, thoughproportionalsharing
hasrecentlygainedsignificantattention.Max-min allocationgivesequalsharego sourcedottleneckd at
thesamdink, utilizing all capacityleft over by non-bottleneadd sourcesGivenaconfiguratiorwith n con-
tendingsourcessupposehei** sources allocateda bandwidthz;. Theallocationvector{zy, zs, ..., z,}
is feasibleif all link loadlevelsarelessthanor equalto 100%. Givenan allocationvector the sourcewith
the leastallocationis, in somesensethe “unhappiestsource. We find the feasiblevectorsthat give the
maximumallocationto this unhappiessource(thusmaximizingthe minimumsource or max-min). Then,
weremove this“unhappiessource”andreduceheproblemto thatof theremainingn — 1 sourceoperating
on a network with reducedink capacities We repeathis procesauntil all sourceshave beenallocatedthe
maximumthatthey canobtain.

3 TheOriginal ERICA Switch Algorithm

Severalswitchalgorithmshave beendevelopedto computethe feedbackto beindicatedto ABR sourcesn
RM cells[1, 13,16, 17, 12]. The ERICA algorithm[10, 12] is oneof the earliestandmoststudiedexplicit
rate algorithms. The main advantagef ERICA areits low compleity, fasttransientresponseefficient
allocationsandcontrolledqueuingdelay

In this section we presenthe basicfeaturesof the original algorithmandexplain their operation.The next
sectiongdescribeanadditionto the basicalgorithm,anda new alternatve methodto determinghe number
of active connectionsFor amorecompletedescriptionof thealgorithmandits performancereferto [12].

The ERICA switchperiodicallymonitorstheloadon eachlink anddetermines loadfactor p, theavailable
capacity andthe numberof currently active virtual connectiongVCs). The load factoris calculatedas

follows:
ABR InputRate

pe ABR Capacity
where:
ABR Capacity—TarmgetUtilization x Link Bandwidth— VBR Usage— CBR Usage

Theinputrateandoutputlink ABR capacityaremeasuredaver anintenal calledthe switchmeasurement
intenal. Theabove stepsareexecutedat the endof the switchmeasuremerihtenal. Targetutilizationis a
parametewhichis setto afractionbasedn currentqueuingdelay Theloadfactor p, is anindicatorof the
congestiorievel of thelink. The optimaloperatingpointis at p closeto one.

Thefair shareof eachVC, FairShare, is alsocomputedasfollows:

ABR Capacity

FairShare— - -
Numberof Active Connections

The switch allows eachconnectiornsendingat a rate belav the FairShare to riseto FairShare. If the
connectiordoesnotuseall of its Fair Share, thenthe switchfairly allocateghe remainingcapacityto the
connectionsvhich canuseit. For this purposethe switch calculateghe quantity:

VCShare—@

P



If all VCschangedheirrateto their VC Share valuesthen,in thenext cycle, the switchwould experience
unit load (p = 1). VCShare aimsat bringing the systemto an efficient operatingpoint, which may not
necessarilype fair. A combinationof the VCShare and FairShare quantitiesis usedto rapidly reach
optimaloperatiorasfollows:

ER Calculated-Max (FairShareCShare)

ThecalculatedER valuecannotbe greateithanthe ABR Capacitywhich hasbeenmeasure@arlier Hence,
we have:
ER Calculated-Min (ER CalculatedABR Capacity)

To ensurethatthe bottleneckER reacheghe source eachswitch computeghe minimum of the ER it has
calculatedasabove andthe ER valuein theRM cell, andindicateshis valuein the ER field of the RM cell.

The algorithmdescribedabove is the basicalgorithm, but several otherstepsare carriedout to avoid tran-
sientoverloadsandvariationsin measuremengnddrainthe transientgueues.Moreover, the algorithmis
modifiedto achieve max-minfairnessasdescribedn sections and6.

4 TheMeasurement Interval

ERICA measureshe requiredquantitiesover consecutie intenals and usesmeasuredjuantitiesin each
intenal to calculatethe feedbackin the next intenal. The length of the measuremenntenal limits the
amountof variationwhich canbe eliminated. It alsodetermineshow quickly the feedbackcanbe given
to the sourcespecausd€RICA givesthe samefeedbackvalue per sourceduring eachmeasuremennter
val. Longerintenals producebetteraverageshut slov dowvn the rate of feedback.Shorterintenals may
resultin morevariationin measurementandmay consistentiyunderestimater overestimatehemeasured
guantities.

The ERICA algorithmestimateghe numberof active VCs to usein the computationof the fair shareby

consideringa connectioractive if the sourcesendsat leastonecell during the measuementnterval This

canbeinaccur ateif thesourcds sendingatalow rateandthemeasurementtenal is short. Exponentially
averagingthe numberof active connection®ver successie intenals producesnoreaccurateestimatesbut

may still underestimatéhe numberof connectionsf the measuremerintenal is short. In this papey we

proposea moreaccuratemethodfor estimatingconnectionactvity. The nev methodis insensitve to the

lengthof the measuremernntenal. It alsoeliminatesthe needto performsomeof the stepsof the ERICA

algorithm,asdescribedn thenext section.

5 TheFairness Problem and ERICA Solution

Assumingthat measurementgo not exhibit extremelyhigh variation,the original ERICA algorithmcon-
vemgesto efficientoperatiorin all casesThecornvergencefrom transientonditionsto the desiredoperating
point is rapid, often taking lessthana roundtrip time. We have, however, discoreredcasedn which the
original algorithmdoesnot converge to max-minfair allocations.This happensf all of thefollowing three
conditionsaremet: (1) theloadfactorp become®ne,(2) therearesomeconnectionsvhicharebottleneckd
upstreanof theswitchunderconsideration(3) the sourceratefor all remainingconnectionss greateithan



the FairShare. In this casethe systemremainsin its currentstate,becauseheterm CCR/p is greater
than Fair Share for thenon-bottleneakd connections.

This problemwas overcomein ERICA asfollows. The algorithmis extendedto remembetthe highest
allocationmadeduring eachmeasuremenntenal, and ensurethat all eligible connectionsanalso get
this samehigh allocation. To do this, Max AllocPrevious storesthe maximumallocationgivenin the
previousintenal. For p > 1 + 4, where¢é is a small fraction, we usethe basicERICA algorithmand
allocateMax (FairShare/CShare) But, for p < 1+ 4, we attempto make all therateallocationsequal by
assigningeR to Max (FairShare)CShare MaxAllocPrevious). Theaim of introducingthe quantity is to
forcetheallocationof equalrateswhenthe overloadis fluctuatingaroundunity, thusavoiding unnecessary
rateoscillations.Theremaindeof this papemproposes moreaccuratanethodto computethe max-minfair
sharedor all thecontendingconnections.

6 An Accurate Method to Determinethe Fair Bandwidth Share

As previously discussedERICA determineghe numberof active connectiony consideringa sourceas
active if atleastonecell from this sources sentduringthe measuremerintenal. A moreaccuratanethod
to computeactvity andeliminatethe needfor the proposedsolutionto thefairnesgproblemis to computea
quantitythatwe call the“effective numberof active VCs” andusethis quantityto computethe Fair Share,

asdescribechext.

6.1 Basicldea

We redefinethe FairShare quantityto bethe maximum share a VC could get at this switch under max-
min fairnesscriteria. Hence the FairShare is calculatedasfollows:

ABR capacity

FairShare= Effective numberof active VCs

The maininnovationis the computatiorof the effective numberof actve VCs. The valueof the effective
numberof active VCs depend®ntheactiity level of eachof theVCs. Theactvity level of aVC is defined

asfollows:
SourceRat

" FairShare

Thus,VCsthatareoperatingator abore the Fair Share areeachcountedasone. TheVCsthatareoperating
below the Fair Share (becauséhey arenotbottleneckdatthis switch,or becaus¢hey arevariabledemand
applications)nly contritute a fraction. The VCs thatarebottlenecled at this switch are consideredully
active while otherVCs areconsideregbartially active.

Activity level = Min(1

Theeffective numberof active VCsis thesumof theactiity levelsfor all VCs:

Effective numberof actve VCs = Z Activity level of VC,

(3

Notethatthedefinitionof actiity level dependsiponthe Fair Share, andthedefinitionof the Fair Share
dependsipontheactivity levels. Thus,thedefinitionsarerecursie. Ideally, wewouldneedto iterateseveral
timesgiventheratesof variousVCs.



6.2 Examplesof Operation

Example 1 (stability):

Link 1 ® Link 2

§ Swl Sw2 = Sw 3

— o0
(e T

Figure2: UpstreanmConfiguration

Considetheupstreanbottleneckcasewith 17 VCsshavnin figure2. We have shavn thatthis configuration
demonstratethe unfairnessof the original ERICA algorithmasdescribedn section3, which necessitates
theadditiondescribedn sectionb.

Assumethatthetamget capacityis 150 Mbps. For the secondswitch, whentheratesfor (S1, S16, S17) are
(10,70,70):

Iterationl: FairShare= 70 Mbps
Activity =(10/70,70/70,70/70)= (1/7,1, 1)
Effective numberof actve VCs=1+ 1+ 1/7=15/7
Iteration2: FairShare= Tamget capacity/Efective numberof active VCs = 150/2.14= approximately
70 Mbps

Hence this exampleshavs thatthe systenis stableat theallocationof (10, 70, 70). At ary otherallocation,
theschemaewill calculatethe appropriateFairShare thatmakesthe allocationeventuallyreachthis point,
asseenin thenext two examples.

Example 2 (rising from a low Fair Share):
For the sameconfigurationwhentheratesare (10,50, 90):

Assumethatthe Effective numberof active VCs= 3
Iterationl: FairShare= 150/3= 50 Mbps

Activity =(10/50,50/50,1) =(0.2,1, 1)

Effective numberof actve VCs=0.2+1+1=2.2
Iteration2: FairShare= 150/2.2= approximately70 Mbps

Again,the schemeaeacheshe optimalallocationwithin a few roundtrip times.
Example 3 (dropping from a high Fair Share):

For the sameconfigurationwhentheratesare(10, 50, 90), supposehatthe effective numberof active VCs
is initially 2:

Iterationl: FairShare= 150/2= 75 Mbps
Activity = (10/75,50/75,1) = (0.13,0.67,1)
Effective numberof actve VCs=0.13+0.67+1=1.8



Iteration2: FairShare= 150/1.8= 83.33Mbps

Supposéehesourcestartsendingatthenew rates exceptfor thefirst onewhichis bottleneckdat 10 Mbps.
Also assuméhatFairShares still at83.33Mbps.

Activity =(10/83.3383.33/83.3383.33/83.33F (0.12,1, 1)
Effective numberof actve VCs=0.12+ 1+ 1=2.12
FairShare= 150/2.12= approximately70 Mbps

Again,theschemeeachesheoptimalallocationafterthe sourcestartsendingat the specifiedallocations,
whichis within afew roundtrip times.

6.3 Derivation

The following derivation shavs how we have verified the correctnes®f our methodof calculationof the
numberof active connections.The new algorithmis baseduponsomeof the ideaspresentedn the MIT
schemd3, 4, 5]. However, this algorithmdoesnot suffer from the knovn dravbacksof the MIT scheme:
its high compleity, possibleunderutilizationandinsensitvity to queuingdelay

The derivation depend®n classifyingactive VCs aseitherunderloading/Cs or overloadingVCs. A VC
is overloadingif it is bottlenecled at this switch; otherwisethe VC is saidto be underloading In the MIT
schemeaVC is determinedo be overloadingby comparinghe computedFairShare valueto thedesired
rateindicatedby the VC source.In our schemeyve classifyaVC asoverloadingif its sourcerateis greater
thanthe Fair Share value. Our algorithmonly performsoneiterationevery measuremenntenal (O(1)),
andis notof thecompleity of the orderof thenumberof VCs (O(N)), aswith theMIT scheme.

The MIT schemehasbeenproven to computemax-minfair allocationsfor connectionswithin a certain
numberof roundtrips (seethe proofin [4]). Accordingto the MIT scheme:

ABR Capacity— Eﬁ"l Ru;

FairShare = NN,

where:
Ru; = Rateof i** underloadingsource(l < i < N,)
N = Totalnumberof VCs
Ny = Numberof underloading/Cs

SubstitutingV, for thedenominatoterm, this becomes:

ABR Capacity— Eé\ﬁg Ru;
No

FairShare=
where:
N, = Numberof overloadingVCs (N, + N, = N)
Multiplying bothsidesby N, we get:

Ny
FairShare x N, = ABR Capacity— Z Ru,;
i=1



Adding Z . Ru; to bothsidesproduces:

Ne
FairShare x N, +»_ Ru; = ABR Capacity
i=1

FactoringFairShare outin theleft handside:

N Ru;
FairShare x (N, + Z
i

T ) =ABRC it
— F airShare) apacity

Or: :
ABR Capauty

FairShare = 0.
2
0 + ZZ 1 FairShare

SubstitutingVe s ¢, we get:
ABR Capacity

FairShare =
Negy

where:
M Ru;
eff No+ Z FairShare

This meansthat the effective numberof active VCs is equalto the numberof overloadingsourcesplus
the fractional activity of underloadingsources. This is the key equationwe have proposedaboe, and

implementedasdiscussedn the next subsection.

6.4 Algorithm Pseudo-code

This sectionexplainshow the new algorithmwasimplementedandincorporatednto the ERICA switch

algorithm.Thefollowing variablesareintroduced:

e N, Effective numberof active VCsin thelastmeasuremenhtenal.

e N..rent: Effective numberof active VCs beingaccumulatedor the currentmeasuremerintenal.

e Activity: Thisarrayis maintainedor eachVC. It is setto onefor overloadingsourceganoverloading
sourcds asourcevhoseCCRexceedsts FairShare value). Theactvity of aVC is setto thefraction
obtainedfrom dividing the CCR of the VC by the Fair Share valuein the caseof underloading

sources.

e FirstCellSeenThisis alsomaintainedor eachVC, andis only usedto avoid theinitialization effects
of the VC. It is onebit thatis setto oneif the VC hasshavn ary sign of actvity; otherwisei|t is set

to zero.

e VCsSeen:The sumof the VCs whoseFirstCellSeerflag is set. Also usedto avoid initialization

effects.

INITIALIZATION:



1. Ny, = numberof VCssetup

2. FairShare = ABR Capacity Ny,
3. Newrrent =0

4. VCsSeerr 0

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

END (* FOR¥)

6. Initialize otherERICA variables
END OF MEASUREMENT INTERVAL:

1. IF (VCsSeen>= Nju)
Nlast = maX(L Ncurrent)
END (* IF*)

2. Ncurrent =0
3. FairShare = ABR Capacity Nqst

4. FORALL VCsDO
Activity [VC] =min (1, CCR[VC]/ Fair Share)
Ncurrent = Ncurrent + ACtiVity [VC]
END (* FOR¥)

5. UpdateOverloadFactor andupdateor resetotherERICA variables
CELL ISRECEIVED IN FORWARD DIRECTION:

1. Do NOT updateN_,,rent asusedto bedonewith ERICA

2. IF (NOT FirstCellSeerivVC]) THEN
FirstCellSeerfvC] = 1
VCsSeerr VCsSeernt 1

END (* IF*)

3. UpdateCCR[VC]

BRM CELL TO BE SENT IN REVERSE DIRECTION:
ER Computed= Max (FairShareCCR[VC]/OverloadFactor)

Obsere thatthe FirstCellSeerarrayandthe VCsSeercounterare only usedfor the purposeof removing
initialization effectsfrom the simulation,andwill not exist in arealimplementationThus,in arealimple-
mentation no stepg(otherthansourcerateestimationwill be carriedoutwhenacell is seenwhich means
thatthealgorithmwill have alow compleity.



7 Performance Analysis

The new algorithm hasbeentestedfor a variety of networking configurationsusing several performance
metrics. The resultswere similar to the resultsobtainedwith the ERICA algorithm[10], exceptthatthe
new algorithmis max-minfair (without executingthe max-minfairnessstepdescribedn section5 above),
andalsothealgorithmis lesssensitve to thelengthof the measuremerintenal. A sampleof theresultsis
discussedh this section.

7.1 Parameter Settings

Throughoubur experimentsthefollowing parametevaluesareused:

. All links have abandwidthof 155.52Mbps.
. All links are1000km long.

. All VCsarebidirectional.

AW N P

. The sourceparameteRateIncreaseFactor (RIF) is setto one,to allow immediateuse of the full
explicit rateindicatedin thereturningRM cellsatthe source.

5. ThesourceparametefmransienBuffer Exposurg TBE) is setto large valuesto preventratedecreases
dueto thetriggeringof the sourceopen-loopcongestiorcontrolmechanismThis wasdoneto isolate
theratereductiongdueto the switchcongestiorcontrolfrom theratereductiongdueto TBE.

6. The switchtamet utilization parametemwassetto 90%. This factoris usedto scaledown the ABR
capacityterm usedin the ERICA algorithm. Alternatively, it canbe dynamicallycomputedbased
uponthe currentqueuingdelayat the switch.

7. Theswitchmeasuremenhtenal wassetto theminimumof thetimeto receve 100cellsand1l ms.

8. All sourcesredeterministicj.e.,theirstart/stogimesandtheirtransmissiomatesareknown. Hence,
we did not needto conductseveral simulationruns(with differentrandomnumbergeneratoseeds)
andaveragetheresults.

7.2 Simulation Results

The simulationsperformedfocus on two main aspectof the nev scheme:its fairness,andits transient
response.

7.2.1 Fairness

In orderto testthe fairnessof the new algorithm,we simulateda threesourceconfigurationwhereone of
the sourcesds bottleneckd at a low rate (10 Mbps). Hence,even thoughthe network givesthat source
feedbackto increaseits rate, it never sendsat a rate fasterthan 10 Mbps. The othertwo sourcesstart
transmissiorat differentinitial rate (ICR) values. The aim of this configurationis to examinewhetherthe
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two non-bottleneokd sourceswill reachthe sameACR values,utilizing the bandwidthleft over by thefirst
source.

Figure3illustratesthetopologyof the configurationsimulated Notethattheroundtrip time for the S2 and
S3 connectiongs 30 ms, while thatfor the S1 connectionis 40 ms. This configurationis almostidentical
to the oneusedin the examplesin section6 (figure 2), exceptthatconnectionS1 to D1 is bottleneckd at
thesourceS1 itself, andnotat“Link 1" Thereasornwe choseto demonstrat@ sourcebottlenecksituation
here(andnotalink bottlenecksituationlik e figure 2) is to demonstrat¢he effect of usingthe CCRfield in
theRM cellsversusmeasuringhe sourcerate.

Link 1 Link 2

Swl Sw2 sw3 D2

& 5

‘ 1 | 23 | ‘

Figure3: Threesourceconfiguration

Theresultsarepresentedn theform of threegraphsfor eachconfiguration:

1. Graphof allowedcell rate(ACR)in Mbpsover time for eachsource.
2. Graphof ABR gueudengthsin cellsovertime atthe bottleneckport.

3. Graphof theeffective numberof actve VCs N, atthebottleneckport.

Figure4 illustratesthe performancef the original ERICA algorithmwithout the fairnessstepdiscussedn
section5. SourceS1 is the bottleneckd source. SourcesS2 and S3 startsendingat differentICR (and
henceACR) values. Their ICR valuesandthatof S1 addup to little morethanthethelink rate, so the
initial p valueatthe switchis almostone. Obsere thatthe ratesof S2 andS3 remaindifferent,leadingto
unfairness Thenumberof active VCsis determinedisingtheoriginal ERICA method sothe switchsees3
sourcegseefigure4(c)),andthe Fair Share valueremainsataround50 Mbps. Hence thesourceS2 never
increaseds rateto make useof the bandwidthleft over by S1 andonly S3 utilizesthis bandwidth.

Figure5 illustrateshow thefairnesgproblemwasovercomein ERICA by the changadescribedn sectionb.
In this case the sourcesaregiventhe maximumallocationin caseof underloador unit load,andhenceall
sourcegietanequalallocation. The modifiedalgorithmis max-minfair.

Figure6 illustratestheresultswith thenew methodto calculatehefair shareof thebandwidth.Obsenre that
the allocationsare max-minfair in this case without needingto apply the maximumallocationalgorithm
asin the previous case.This is because¢he nev methodusedto computethe “effective” numberof active
connectionss used.Figure 6 shawvs thatafterthe initialization period, the effective numberof active VCs
stabilizesat 1 (for S2), plus1 (for S3), plus10/50(for S1), which gives1 + 1 + 0.2 = 2.2 sources.The
methodalsostabilizego the correctvalueevenif thelengthof themeasuementntervalis short unlike the
original methodwherethelengthof the measuremenintenal mustbe long enoughto detectcellsfrom all
sourcesevenlow-ratesources.

11
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Figure4: Resultsfor a WAN threesourcebottleneckconfiguratiorwith the original ERICA

Theproposednethodworkscorrectlyfor all casesvhentherearelink bottleneksat variouslocations(e.g.,
the configurationin figure 2), sinceit correctlycomputegheactiity level of eachconnectiorbasednits
CCRvalue. However, obsere thatin source bottlene& casesthe CCR value cannotbe simply obtained
from the forward RM cells, but mustbe measuredy the switches. This is becausein sourcebottleneck
situationsthe sourceindicatesits ACR valuein the CCRfield of the RM cell, but the sourcemay actually
be sendingata muchlower ratethanits ACR.

For example,for the configurationdiscussedabore (figure 3), assumehat we wererelying on the CCR
valuesin theRM cells. Figure7 shaws thatthenew methodis notfair in this case sincesourceS1 indicates
an ACR of 50 Mbps sothe effective numberof active connectionstabilizesat 3 (seefigure 7(c)), andthe
FairShare remainsat 50 Mbps. But sourceS1 is only sendingat 10 Mbps. CCR measuremert the
switchdetectghis, andhencearrivesatthe correctallocationasseenin figure6.
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Figure5: Resultsfor aWAN threesourcebottleneckconfigurationwith ERICA
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7.2.2 Transient Response

One of the main propertiesof the new algorithmis that, unlike the MIT schemeijt is O(1). Dueto this,
morethanoneroundtrip time may be requiredto arrive at the optimal allocations.In orderto determine
if the proposednethodhasa significantlyslower transientresponselueto its recursie operationwe run
anothersetof simulations.

Figure8 illustratesthe two-sourceconfigurationwe usedin this setof simulations.Theroundtrip time for

eachconnectionis 30 ms. The new algorithmwassimulatedfor this configurationwherethe first source
is active throughoutthe simulationperiod, while the secondsourcestartssendingafter 60 ms and stops
sendingdataat 120ms. Both sourcesarepersistensourcesvhile they areactie.

(D QD

Swil Sw 2

(52 ©

Figure8: Two sourceconfiguration

Theresultsarepresentedn theform of two graphsfor eachconfiguration:

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

2. Graphof link utilization (asa percentagedvertime for the bottlenecHink.

Figures9 and10 shav the performancef the ERICA algorithm(with thefairnesanodification)versushe
performancef theproposedilgorithm.lt is clearthatthetransientesponsef bothmethodss comparable.
Thenewn methods slightly slowerin reducingtheratesin thestart-upperiodof thesecondsourcedueto the
recursve natureof thealgorithm.However, thedifferences small,andthe benefitsof the methodoutweigh
theslower response.

7.3 Observationson the Results

Fromthesimulationresults we canmale thefollowing obserationsaboutthe performancef the proposed
algorithm:

e During transientphasesif the FairShare valueincreasesthe N, sy valuedecreasegsinceit uses
the Fair Share valuein the denominator)and FairShare furtherincreasegsinceit usesN; in
thedenominator)so IV, ;s furtherdecreasesgndso on, until the correctvaluesof sourcerate, N, ¢
and Fair Share arereached Thenthe proposedschemas provably fair andefficientin steadystate
(seefigure6(a)and(c)).

e Using very small measuremenintenal valuesresultsin more problemsfor the original ERICA
schemethanwith the proposedscheme pecauséahe proposedschemedoesnot measurehe effec-
tive numberof active connectiondy observingif cellsarereceved from thatconnectiorduringthe
measuremenhtenal. Hence evenif themeasuremenhtenal is soshortsuchthatno cellsareseen
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WAN Transient: Utilization

WAN Transient: ACRs
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Figure10: Resultsfor a WAN transientconfigurationwith the proposedERICA andsourceratemeasure-
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from mary low-rate sourcesthe proposednethodcan computethe FairShare of the bandwidth
correctly

o Withoutsourceratemeasuremerdttheswitchfor eachVC, thevalueof N, depend®nthesource
ACR,whichis notthesameasthe sourceratefor sourcebottleneckcasesThus, N is toolargein
thosecasesandthe FairShare termis lessthanthe CCR by Overloadterm,leadingto unfairness.
With perVC sourceratemeasurementhevalueof N, is correct.

8 Summary

This paperhasproposedand demonstrateé nev methodto computethe fair bandwidthsharefor ABR
connectionsn ATM networks. Themethodrelieson distinguishingoetweernunderloadingconnectiongand
overloadingconnectionsand computingthe value of the “effective” numberof active connectionsbased
ontheiractvity levels. Theavailablebandwidthis dividedby this effective numberof active connectiongo
obtainthefair bandwidthshareof eachconnection.

The methodis provably max-minfair, andcanbe usedto ensurethe efficiengy andfairnessof bandwidth
allocations.Integratingthis methodinto ERICA tacklesthefairnessandmeasuremerintenal problemsof

ERICA, while maintainingthe fasttransientresponsegqueuingdelaycontrol,andsimplicity of the ERICA

scheme.Analysisand simulationresultswere usedto investigatethe performanceof the method. From
theresults,it is clearthe methodovercomeghe fairnessproblemwith the original ERICA, aswell asits

excessie sensitvity to thelengthof the measuremernintenal.

We have extendedthis methodto include minimum rate boundsin [18]. We have alsousedit for point-
to-multipoint connectionsand notedextensionsrequiredfor multipoint-to-pointconnectiong6]. We are
currentlyinvestigatingusinga similarload-basedechniqudor RandonEarly DetectionRED)andExplicit
CongestiorNatification(ECN) markingin the Internet.
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