How (Un)Fair arethe ABR Binary SchemesActually?

MILAN VOJINOVIC*AND JEAN-Y VES LE BOUDEC
Institutefor ComputerCommunicationgndApplications(ICA)
SwissFederalnstituteof Technologyat Lausann€EPFL)
CH-1015LausanneSwitzerland
{M I an. Voj novi c, Jean- Yves. Leboudec}@pf| . ch

Abstract — It is well known that a simple binary feedbackrate—basedongestioravoidancescheme
cannotensureafairnesgyoalof the AvailableBit Rate(ABR) service hamely max—minfairnessin this
paperwve shav how theratesaredistributedfor the network consistingof the binary switchesandend—
system&mploying anadditive—increase/multiplicate decreaseatecontrol. Themodelingassumptions
fairly resembleghe ABR congestionavoidance,and appliesto an arbitrary network topology The
resultsare obtainedon the basisof a stochasticmodeling, upon which we obtain certainanalytical
results,and conducta numericalsimulation. We validatethe stochastianodelingthrougha discrete—
eventsimulation.We believe thatmodelingpresentedh this paperenlightthe performancéssuesf the
binary ABR schemes.

Keywords — ABR, ATM, congestiorcontrol, binary schemeEFCI, fairnessmax—min,proportional
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1 Intr oduction

Six different AsynchronouslransferMode (ATM) serviceclassesare definedby the ATM Forum: CBR
(constanbit rate), rt-VBR (realtime VariableBit Rate),nrt-VBR (non—reatime VariableBit Rate),UBR
(unspecifiedit rate),ABR (availablebit rate),andGFR (guaranteedramerate). All of themarespecified
in thetraffic managemergpecificatior[1], exceptthe GFRthatgainedattentiononly very recently CBR,
rt—VBR, andnrt-VBR assumehat sometraffic characteristicare knovn beforedatatransmissionupon
which connectionadmissioncontrol and resourcereserationsare performedin orderto provide certain
quality of serviceguaranteesDataapplicationshave aninherit propertythatthe generatedraffic is bursty
andit is very hard (or eveninfeasible)to specifytraffic characteristicgrior the datatransmission.In ad-
dition, dataapplicationscantoleratedelay and delayvariation, but are sensitve to dataloss. UBR is the
simplestsolutionwherethe higherlevel pacletsarefragmentednto the ATM cells, which aretransmitted
without ary specificcongestiorcontrol; thusit relieson the higherlevel congestiorcontrollike TCP con-
gestionavoidance][2]. Ontheotherhand,ABR is afar morecomplex with definedend—-to—endate—based
control. UBR doesnot provide ary guaranteeatall, while ABR provideslimited guarantees theform of
guaranteedninimum cell rate. Due to complity of the ABR serviceandsomediscoveredshortcomings
to supportprevailing dataapplicationsbasedon TCP, recently GFR serviceclassis proposed Essentially
GFRis anenhancedJBR to provide paclet level guaranteedy combiningopen—loopUBR with paclet
level discardingmechanismsFor a brief up-to-dateovervien of ATM traffic managemerssueseadetis
referredto anarticle by Ghani,NananukulandDixit [3].

In our previous work [4] we shaved how the ratesare distributed for an additve—increase/mtipli-
cative—decreaseongestiorcontrol with constantate updatingintenals associateavith eachsource.The

*The simulationexperimentspresentedn this paperwere conductedwithin Departmeniof Electronics,University of Spilit,
Split, Croatia.



resultholdsfor anarbitrarynetwork topologywith multiple bottleneck@ndheterogeneousund-triptimes.
Underlying assumptionsre the regime of rare negative feedbackand rate proportionalfeedback. The
modelingis particularly suitedto analysisof TCP congestioravoidance. In addition,in [5] and[6], we
addressettansienbehaior of the explicit—rateschemesandimpactof thevariableavailablebandwidthon
therateallocationperformancerespectiely.

It iswell known thatasimplebinarycongestioravoidancescheméExplicit ForwardCongestiorindica-
tion; EFCI, andRelatve RateMarking; RRM [1]) cannotensureafairnesgoalof the TM4.0 specification,
namely max—minfairness.Throughouthe existing literatureit is claimedthatthe ABR connectiongran-
versinga larger numberof links (hops)arediscriminatedit is referredto this phenomenasa "beat—daevn
problem”. Thisis commonlyagumentedvith aratherintuitive factthattheconnectionsranversingalarger
numberof links have a higherprobability of markingtheir cells. In this paperwe examinethis phenom-
enathroughstochastianodeling,uponwhich we obtainsomeanalyticalresultsand conducta numerical
solving. The modelingis basedn atheoryof stochasti@pproximatioralgorithms[7]. The modelapplies
to an arbitrary network topology of multiple bottlenecks.Also, we comparethe modelresultswith cor
respondingesultsof the discrete—egent simulation. It is an objective of this paperto clarify the fairness
issues,particularly to evaluatedivegenceof the fairnessachievzed with the binary feedbackand simple
additve—increase/mufilicaive decreaseatecontrol,from the onedeterminedy the max—minallocation.
Although, recently therehasbeena growing interestfor explicit—rate (ER) schemesdueto superiority
in termsof performancen respectto the binary schemeswe beliese that performancédssuesof the bi-
nary schemesrestill relevant, particularlydueto existing first generatiorbinary switches,andissuesof
interoperabilityof the binaryandER schemes.

The remainderof the paperis structuredas follows. In Section2 we give an overviev of the ABR
congestiorcontrol. Section3 describeghe stochastienodelandappliesobtainedresultsto the parking—lot
network. In Section4 we validatethe stochastianodelingresultsthroughboth numericalsimulationof
the stochastianodel,anda discrete—eent simulation.In Section5 we discussobtainedresultsandrelated
work. Thepaperis concludedvith someremarksn Section6.

2 An Outline of the ABR CongestionControl

In this sectionwe introducenotationanddefinitionsthatare usedthroughoutsubsequenpresentationLet
S and L besetsof theconnectiongndlinks, respectiely. With eachconnection € S associatsourcerate
x;; similarly, to thelink [ € £ associatehelink capacityc;. Routingsettingof the connectiongtopology)
we defineby matrix 4;;; A;; = 0, if connectioni doesnot trarverselink 7, and 4;; = 1 otherwise.
Subsequentjylet r; and7; be an additve—increaseand multiplicatve—decreas parameterstespectiely.
Let I; , is abinaryindicationat thenth rateupdatingof connectior¥, with valuesin {0, 1}.

In thecurrentform [1] ABR protocoloperatessfollows. Sendingrateof the ABR sourceis controlled
onthebasisof a close—loopcontrolthatconsistof a binary and/orexplicit-ratefeedbackthe end—system
algorithmis definedto operatewith a mix of bothfeedbacks.The controlloop is establishedy inserting
resourcananagemer(RM) cellseachN,.,, datacellsinto thecell streangeneratetby thesource Bothdata
andRM cellscontainanindicatorbit thatis setto 0 by the sourcereferredto asan EFClandCl bit for data
andRM cells,respectiely. In addition,RM cellscontainanoincreasgNI) bit andexplicit rate(ER) field.
Specificatior]1] distinguisheshreetypesof switches:(1) Explicit Forward Congestiorindication(EFCI),
(2) Relatve RateMarking (RRM), and(3) Explicit Rate(ER) switches Along theforwardconnectiorpath,
the EFCI switchesset EFCI bit of the datacells, the RRM switchessetCl and NI bits of the RM cells,
andthe ER switchessetthe ER field of the RM cells. We referto the EFCl andRRM switchesasbinary
switdhes(resp.to theratecontrolbasedon the EFClandRRM feedbackasbinary schemek Theforward
RM cellsareturnedaroundby the destinationsendbackto the source andpotentiallyfurthermodifiedin
the backward path. Basically transmissiomrate of the sourceend—systemreferredto asan Allowed Cell
Rate(ACR), is adjusteduponreceiptof the backward RM cellsasfollows.



Let usconsideran ABR connectiony € S with initial, minimum,andpeakcell rateparameterd CR;,
MCR;, and PCR;, respectiely. Thendefiner; = RIF;PCR; andrn; = RDF;, whereRIF;, RDF; are
respectie rateincreaseandratedecreas@arametersjefinedon (0, 1. Parameter8/CR;, PCR;, RIF;,
and RDF; are negyotiatedin the connectionsetupphase. The ACR of the connectior is adjustedupon
receiptof thenth backward RM cell

xi,() = ICRZ', (1)
Tim+1 = Upror;, por)imin(zin + 1i(1 — Lin) — 0i%inlin, ERin)}, n 2> 1,

where ER; ,, is the explicit ratecontainedn the latestreceved backward RM cell, andIly;cg;, por(¢)
denotegprojectionontheintenal [M CR;, PCR;), i.e.Ilpcr; por; () = min(max(-, MCR;), PCR;).

Note that (1) is a simple additve—increaseand multiplicative—decreasalgorithm upperboundedby
{ER; ,,}n>0 andconstrainedn [M CR;, PCR;]. In principle, ABR sourceend-systensetsER field of
theforward RM cellsto the PC R value. Therefore for a connectiortranversingno ER switchesonecan
ommitmin(-) andER; ,, in (1) andobtainasimpleadditve—increasandmultiplicatve—decresealgorithm
constrainedn [MCR;, PCR;].

It shouldbe notedthat the rate adjustmenti(1) is not completecomparingto [1] that definesseveral
mechanism#o alleviate certainabnormakonditions for instance

e exponentialbacloff dueto absenc®f backwardRM cells(sourcerule 6 [1]),
e upperboundof therateadjustmenintenal (sourcerule 3.a.i[1]).

In the modelinggiven laterin this paperwe do not consideraforementionedpecialconditionsof the
rateadjustment.

Behavior of the ABR sourceanddestinatiorsystemss specifiedn detailby TM4.0[1], however, switch
behaior is not standardize@ndis leftover to the equipmentvendorsto chooseone particularalgorithm.
Given a textual descriptionof ABR sourceand destinationalgorithms[1], Lee, Ramakrishnanand Moh
developedan extendedfinite statemachine(EFSM)in [8]. On the basisof the EFSM model,correctness
of the TM4.0 specificationandinteroperabilityof EFClandER schemesreexaminedin [9]. For agood
suneys of ABR protocolthereadeiis referredto [10, 11, 12]. An extensve coverageof settingof the ABR
end-systenparameterss givenby Fahmy Jain,Goyal, andVandaloren [13].

2.1 Binary Schemes

Considerablamountof work hasbeenconducteadn analysisof thebinaryABR congestiorcontrol. Funda-
mentalprinciplesof additve—increase/multiigative—cecrea® areaddresseth ChiuandJain[14]. Bonomi,
Mitra, andSeery[15] modeleda singlebottleneckwith heterogeneoumund—triptimesasa systemof the
first—-orderdelaydifferentialequationsOhsakiatal. [16] andRitter[17] analyzedh steady—statef multiple
ABR connectionsharinga singlebottleneckwith equalend—systenparametersindnetwork propagation
delays;particularly they identifiedphasesndmodeledcorrespondingateevolutionswith differentialequa-
tions,uponwhichthey computednaximumqueudength.

Recently Ait—Hellal andAltman [18] presentednalyticalmodelingof the ABR congestiorcontrolfor
thetandenof multiple switches They shavedthatit is notnecessaryhatthebottlenecHink is theonewith
theslowesttransmissiomate. Also, it is shavn thatthe maximumqueudengthsmaybe underestimatelly
approximatinghe network with a singlebottleneck.

In orderto alleviate unfairnessof the simple binary schemeswo approachesppeared:(1) PerVC
gqueueingand(2) selectve feedback Theformerimposesignificanimplementatiorandstoragecompleity
dueto perVC gueueing.Theselectve feedbackvasproposedisa partof the seminalseriesof reportson
DECbitschemd19].

1] definesRIF andRDFonadiscreteet{zi", 1 <n <15}




2.2 Explicit-Rate Schemes

It wasrecognizedhat explicit—rate schemegprovide superiorperformancehanthe binary schemesn re-
spectto the steady—stateatedynamics speedf corvergence stability, andfairness.Oneof the earlypro-
posalsof distributed explicit—ratescomputationwasdoneby Chartry, Clark, andJain[20]. Lateron mary
otheralgorithmswereproposede.g. [21, 22, 23], with objectvesto improve performanceanddecrease
time/memorycomplity of the ER computation.

In the recentsequelof paperd24, 25], AbrahamandKumarconsideredhe max—minallocationwith
non-zeroMCRs; they proved that unique max—minallocationcan be obtaniedas a solutionof a certain
vectorequation24], andshaved how the max—minallocationcanbe computedn a distributedmannerby
applyinga theoryof stochasti@approximationalgorithms[25]. Also, a sliding—windev estimationof the
availablebandwidth basecn atheoryof effective bandwidth,is proposedn [26] by the sameauthors.

2.3 Fairnesslssues

The taget fair rate allocation,selectedor the ABR service[1], is centeredarounda max—minfairness.
Thereareseveraldefinitionsof the max—minfair rateallocation;maybethemostcommononeis thefollow-

ing. First,letz = (z;,7 € ) beavectorof ratesthen,z is saidto belongto the setof feasibleratevectors
if > eszi < ¢, foralll € L. A vectorz is saidto be max—minfair if it is feasibleandfor eachi € S, z;

cannotbeincreasedvhile maintainingfeasibility without decreasing;; for someflow j for whichz; < z;

[27]. Notion of the max—minfairnesavasintroducedby Jafe [28], who consideredhe ratedistribution to

achiere anidealtrade—of betweerhigh throughputindlow delay For atextbooktreatmenbf themax—min
fairnesgeferto [27]. Therearealsosomeothernotionsof thefairnessperhapghe mostprevailing oneis

theproportionalfairnes429]. A vectorz is saidto beproportionalyfair if 2 maximizesy_,. s log z; within

the setof feasiblevectors. Recently Mo and Walrand[30] defined(p, «)—proportionaly fair allocation,
wherep = (p;, i € S), p; > 0foralli € S, anda > 0. Amongotherresults,the authorsshaved that
max—minand proportionalfairnessare the specialcasef (p, a)—proportionalfairnessfor « — oo and
a = 1, respectiely. In this sectionwe briefly discussedhe max—minand proportionalfairnessthat are
furtherconsideredn thenext sections.

3 Modeling

Themainmodelingassumptionare: (1) sourcesarepersistent{greedy infinite), meaningthatthey aways
have a cell awaiting for transmission(2) routing settingis staticdeterminecby matrix A; lifetime of the
connectionspanthetime intenal of concern.

Subsequent)ywe build furthernotationanddefinitionsonthe oneintroducedn the begining of Section
2. Let subscriptg, n of z; , denotethe nth temporalsampleof the ith componenbdf . Let {7; , }n>0 be
asequencef updatingtimesof ratez;. Then,defineanauxiliary variabledr; ,, equalto thenth updating
intenal 67; ,, = T; nt1 — Tin- AlSO, we introducetemporalquantitiesA; ; andA; ; correspondingo delay
from the sources to thelink 7, andvice—\ersa,respectiely. Then,we definel; ; asd;; = Aj; + Ay,
clearly A, ; is around—triptime of connectiori. Let z;(-) be a piece—wiseconstaninterpolationof z; on
therealtime (or scaledrealtime), suchthatz;(t) = z;, for ; < t < 741. Then,we defineoverallload at
thelink [ presentattimet as

filt) =Y Ayt — Ajy).
jes

Letz = (z;,7 € S) beanasymptotidimit, z; = lim,,_,« z; », for all i € S, then,asetof feasiblerate

allocationscontainsall z suchthat

z Ay jz; < ¢, foralll € L. (2)
JES



KushnerandYin [7] obtaineda weak corvergenceresult(conergencein probability) for the classof
asynchronouslistributed stochastiapproximationalgorithmswith a small constantgain~y. Specifically
they considerednalgorithmof theform

Tin+1 = Hig; 0] (Tin + YHin (T (Tin+1 — Dijn),J €S)) = 3)
=Zin+ ’YHi,n(xj(Ti,n+1 — Ai,j,n),j S S) + ’YZi,na 1€S,
whereH[a »;) () denotegprojectionof theagumenton[a;, b;]; for z constraine®nC' = [a1, b1] X [az, be] X
X [ag, bs] andZ” is areflectionterm. Notethatin our contet a; = MCR; andb; = PCR;.
Aijn denotesalreadydeflnedA” at thenth updateof the ith componenbf z. It is assumedhatthe
communicatiordelaysareboundedn thesense

YA jn — 0, asy — 0. (4)

The algorithmis asynchronousincethe updatingof the ith componenis not alignedin respectto
updatingof othercomponentsf z, anddistributedsincethecomponentaredelayeddueto communication
delays.

Fromthe Theorem3.1[7] Ch. 12.3,p. 364-365,t follows thatthe weakconvemgencesubsequencis
thelimit setof anordinarydifferentialequation(ODE)

%zzggﬂ,,zes 5)
where
EinlHin] = hin(2j(Tjn — Bijn),J € S),
Einl0Tin+1] = vin1(25(Timt1 — Aijny1),J €S)
andE; ,[-] is aconditionalexpectationdefinedas E; ,[-] = E[-|z(s),s < Tin, Tjn < Tint1,J € S]. Thus,

E; »[-] is a conditionalexpectationgiven all pastdatabeforetime 7; ,, 11, including z; 511 andr; 1, for
all j € S. Then,let h;(-) and;(-) be respectie asymptoticaveragesof h; ,(-) andu;,(-), asy — 0
andn — oc. For a completetreatmentof the underlyingtheoryreferto [7], andits applicationto TCP
congestioravoidancereferto [4].

Basicprinciplebehindthe proof of the convergencels anobseration of theinterpolationof thediscrete
processe; on therealtime scaledby the stepsize. Then,in the asymptoticcase whereasy — 0 and
numberof iterationsn — oo, onengylectdelaysthatsatisfycondition(4).

Notethatfor anunconstrained:(-), elementz; in (5) is setto 0. It turnsout thatthe limit meanODE
is thesameasin the synchronougsase;only exceptionis afactorl/; (5) thatcapturesliversity of therate
updatingfrequeny, i.e. inverseof therateupdatingintenal.

In the steady—statehe frequeny of the rateupdatingl/a;(-) is proportionalto ratez;(-) delayedby
a value greaterthanoneround—trippropagatiordelay; strictly equalto propagatiordelayif the queueing
delay andotherdelaysinvolving processindime at the switches source anddestinatiorend—systemsan
bengylected.Thus,in theasymptoticcasethe delaysareomittedandwe maywrite

where N; standsfor end—systenparameteiV,.,, associateavith connectioni € S. Herewe shouldnote

following. In several studies[16, 17] of the single bottlenecklink of capacityc, with N identical end-

systemstherateof thebackward RM cellsis taken proportionaIto theratedelayedoy theround—triptime,

if thebuffer is empty otherwisetherateis setto —— N + If thebuffer is notempty Thereforejt is assumed
thateachconnectiorcontainsanequalshareof thequeuecontent In thegenerakaseof anarbitrarysetting

of end—systenparameterdt is reasonabléo assumehattherateof thebackward RM cellsis proportional



to z;(t — A;;) shiftedby the queueingdelay Thereforejn both caseghe rateof the backward RM cells
is proportionalto Ni—mwi(t — A;;). This assumptioris particularly plausibleif the RM cells are queued
separatelyandgiven a higherpriority over the datacells; in this case obviously, therateof the backward
RM cellsis independenof the queuebacklogof the datacells.

We assumehat parametersf additve—increasand multiplicatve—decreasaresmalf, anddefiner)
andn] suchthatr; = yr] andn; = yn]. Then,onthebasisof (1) we identify functionh; as

hi(z) =r] — (r] +n] @) Pin(lin = 1), (7)

thus,with agiven P; ,,(I; , = 1), (6) and(7) determinethelimit meanODE (5).
Queuebacklogatthelink I is govereneddy the following differentialequation

o ) R —a, (t) >0,
a(t) = { nia,x(O,fll(t) —a), Z(t) =0, v

with aninitial valueg;(0). Similarmodelingof thequeueingvasusedfor instancen [15] to modelasingle—
bottleneckcase. However, note that for an arbitrarytopology f;(-) mustaccountall upstreamgueueing
delays,and have to satisfyfeasibility constraintg2). With a congestiondetectionon the basisof queue
thresholdsingleor doublethreshold)congestioris indicated,/; , = 1, if ¢;(7; n+1 — A1) is exceedinghe
predeterminedjueuethreshold. Therefore the systemevolution is completelydeterminecdy the coupled
systemsf equationg5) and (8). However, analyticalanalysisbecomesumbersomehence we abstract
the queuingthrougha notion of thelink costfunctiong; : [0,00) — [0, 1] thatis a function of load f;(-).
Intuitively, onecanthink aboutthe link costfunctionasto be relatedto the tail distribution of the queue
length P(q; > ¢:|f1) givenaload f;, ¢ > 0, which correspondso probability of settingthe congestion
indicationZ; ,,. Indeed,the queuetail distribution is expressedn termsof an averageload, but for the
small variationsof the ratesin the steadystateit seemseasonablédo replacethe averagetotal load with
a value of the currenttotal load. Otherwise,one caninterpreteg; asa relationbetweenthe currentload
andprobability of markingthe cells. Actually, in this case,congestiordetectionis basedon the load, i.e.
first derivative of the queuelength. One suchcongestiordetectionmechanismpamedeFCI-ECD (Early
CongestiorDetection) wasproposedy Zhao,Li, andSigartoin [31].

It shouldbe notedthatthe systemevolution determinedy (5) and(8), with agiveninital valuesijs fully
deterministic.However, with amodelingbasedn (5) anda conceptof thelink costfunctionswe shift to a
stochastianodeling.Finally, replacing(6) and(7) into (5), we obtainaninitial valueproblem

= ] = 07 e Pl = D i €S, ©)
on [0, tf], with LE¢(0) = ICR,;.

In the sequelwe assumehe probability of negative feedbaclof theform

PILi=1)=1- ][] Q-alf), (10)

I:A; ;>0

thatcorrespond$o probabilityof markinga singledatacell alongthe connectiorpath.
Thelimit setof the ODE (5) canbecomputeddy identifying a Lyapune function,which maximization
yieldsanattractortowardssolutionsof (5) corverge [4]. Let uswrite (9) in theform
dz; T; 0

Lo 5D (Baanle) - G, )

2This assumptioris lessrestrictive for thebinaryschemesor whichit is obseredthatconserative smallervaluesof RIF and
RDF aredesirableo avoid high rateoscillationsandcongestiorioss[13].



Figurel: A Parking—lotnetwork.

where
T3

Fapr(z) =) o 108(ri +1mizi), 12)
ies Vil

andG(z) is aprimitive of (10). Note thatthe maximizationof (12) is subjectto the constraintg2).
Alternatively, onecansolve system(5) by numericalmethodsthis approachs particularlyamenableo
incorporateconstraint§ M C R;, PCR;), i € S. Notethatwe areinterestedn anasymptoticsolutionz(ty),
asty — oo, however, in reality, we computenumericallyz () for large enought; < oo.
In thesequebf thepaperwe referto theratedistribution derivedfrom (12) asan analyticalresulf com-
putedthroughnumericalsolving of (5) asa numericalresult measuredhroughdiscrete—eent simulation
asa simulationresult

3.1 A Parking—lot

We validateour analyticalresultsthroughsimulationof the parking—lotetwork topologydepictedn Fig. 1.
The network consistsof a tandemof I links of capacityc and arbitrary propagatiordelayd. Let access
links be of aninfinite capacityand arbitrary propagationdelay Particularly we restrictourselesto the
two network scales;all accesgdelaysequalto zero (HETRTT), and accesslelaysset suchthat all the
connectiongrarversinga givenlink have equalsource—to—linkandlink—to—destinatiordelay(HOMRTT).
We distinguisha multi-hopconnectiongclass0) anda single—hopconnectiongclassi, i = 1,2,...,1).
In orderto shrinksetof parametersalueswe assumehefollowing. Thereis v connection®f class0, and
w connection®f classi. Class0 sourcesareassociateavith ry, ny, and Ny parameterdjkewise, class:
connectionareassociateavith r;, ny, and Ny parameters.
We express(12) in termsof z utilizing z; = (¢ — vzg)/w from (2). Thenit is straightforvard to
computez, for whichmaximumof Fapr(z¢) is attained
2 l—w%(x—?I—l) o1

. Ng rIng wp_Ng
c Ny vt " Lt 7 (13)

0, otherwise.

wherewe aluseprevious notationandwrite ro andr; to denoteadditve—increasgarametersiormalized
by ¢. Assumingidentical settingof the end—systenparameterson the basisof (13), it is obvious that
class0 connectiongietnot morethroughputhenthe onedeterminedy proportionatfairness(ﬁ) [29].
Obviously, disparity between(13) andthe proportionalfairness for identical settingof the configuration
parameter$or all sourcesis particularlyemphasizedor larger £ ratio (whererqg = r; = r andny = nr =
n), largernumberof single—hoponnectionsy, andnumberof links 1.

Henceforth,it is evident thatthereis a strongbiasagainstconnectiongrarversinga large numberof
hops,andthe ratedistribution substantiallydiversefrom the onedeterminedy the max—minfair ratedis-
tribution (;3)-
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Figure 2: Numericalsimulation— fraction of load allocatedto the sourcesversusRIF; RDF = 274,
¢ =150 Mbps,PCR = ¢, MCR =1 Mbps,N,.,, =32, 1 =2,v=3,w = 3,d = 0.5, p = 5 (thick lines
indicatethe analyticalresult).

4 Numerical and Simulation Results

We conductthe numericalsimulationof the limit meanODE (5) by usingthe Runge—Kitta methodcon-
tainedin the MATLAB ODE suite(ode45) [32]. All the numericalresultsare obtainedfor the link cost
functionof theform g;(f;) = 0, for f; < 0, g;(f;) = 1, for f; > ¢, i(f1) = (%ld_d)p, otherwisewhere
d € [0,1], andp > 0. Thisform of g;(-) is alsousedin [4] andelsavhere.

Besidesnumericalsimulationof the modelwe performeda discrete—eent simulationof the systemso
thattheimpactof the queueings evaluated.The simulationmodelis built on the basisof a discrete—eent
classlibrary CNCL [33] thatwe extendedwith ATM classes.

The modelof ATM switchis a simpleoutput—queueingwitch, wherewe distinguishtwo servicedis-
ciplines. First, switch treatsdataandRM cells transparentlywherecells sharea commonperPortFIFO
buffer. Later, dataandRM cellsarequeuedseparatelyvith respectie pePortFIFO buffersthataresened
giving higherpriority to theRM cells,i.e. when&er the RM buffer is non—emptythatbuffer is sened. We
referto thelaterservicedisciplineasanexpressRM queueing.

Thecongestions detectednthebasisof theinstanteneougueudengthandadoublequeughresholds;
low ¢;, andhigh g;,. Wheneer theinstanteneougueudengthis largerthang;, theportis in thecongestion
state.Theportmovesfrom the congestiorstateto thenon—congestiostatewhenthe queudengthbecomes
lessthang;. Objective of usingtwo thresholdsnsteadof a singleoneis to avoid oscillationsbetweerthe
two states. However, in orderto shrink the parameteispace,n majority of the simulations,we assume
q = qn(= q¢), which correspondso thesinglethresholdcongestiordetectiormechanism.

We assumean infinite buffer size, hence the cell lossis not occuringat the switches. In reality; this
correspond$o a well-engineereaetwork, wherein the steadystatethe queuelengthis not exceedingthe
buffer sizeatary time.

The network parametersiresetasc = 150 Mbps,andé = {1,50} km. We referto the respectie §
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Figure 3: Numericalsimulation— fraction of load allocatedto the sourcesversusRDF; RIF = 2710,
¢ =150 Mbps,PCR = ¢, MCR =1 Mbps,N,.,, =32, 1 =2,v=3,w = 3,d = 0.5, p = 5 (thick lines
indicatethe analyticalresult).

valuesasa LAN andMAN cases.For I = 2 scenariahesetwo casesorrespondo the fixed round-trip
time, of theclass) sourcespf about22us,and1 ms,respeciiely. Largerround—triptime case(tensof ms),
correspondingo a WAN scale,is not consideredn this paperdueto time andspacdimitations. Relevant
ABR configurationparametersire setasfollows: N,,, = 32, PCR = ¢, MCR = 0.5 Mbps, ICR =
randomuniformly distributedon [0, ], RIF = {27",n = 4,5,...,11}, RDF = 274,

The asymptoticrate allocatedto the class0 sourcess estimatedoasedon the averageof the last half
of thetrace;capturedover time intenal taken suficiently large for the ratesto converge. For the majority
of the simulationstotal simulationtime is setto 2 seconds.Simulationexperimentsarerun 5 times,upon
which an averageand95% confidenceantenal is computed.It shouldbe notedthatin orderto take into
accoundiversityof thelink utilization,theratesarenormalizedn respecto theaveragdink load. First,we
considetthenumericalimulationresultsshavn in Fig. 2 andFig. 3 for varying RI F andRD F' parameters,
respectiely. It canbe obsered that discrepang betweenthe analyticaland numericalresultsis higher
asthe additve—increaseRI F' is higher (fixed RDF'), and asthe multiplicatve—decreas& D F is lower
(fixed RIF). This obseration canbe explainedwith the factthatlarger RIF to RDF ratio movesthe
network operatingpoint towardshigherlink utilization, consequentlyy, becomedarger, andimpactof the
G(-) elementin (11) becomesnoresignificant. Relationof the RIF (RDF') andthelink utilization/cost
functionis shavn in Fig. 4a (resp. Fig. 4b). Additionally, it is evidentthathigher RIF and RDF yield
fastercorvergenceto the steady—stateates.

Second,we study the simulationresultsshavn in Fig. 5 and 6; for a referencewe plotted alsothe
numericalresultsfor d = 0.8 andp = 5. For the LAN setting,Fig. 5a,and RIF < 1/128, thereis
a fair matchingof the analyticalresultand a simulationone for both non expressRM and expressRM
cases. For higher RIF values,the expressRM caseexhibits expectedbehaior, while the non express
RM casedeviatesfrom the non—increasingrend. This is not suprisingsincethe interarrival timesof the
backwardRM cells,for thenonexpressRM case areinfluencedby high periodicoscillationsof the queue
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backlog,and consequentlydiffer from the assumedelation (6). Similar obserationsalso hold for the
MAN setttingFig. 5b andFig. 5¢c. Notethatthe bandwidthdelayproductfor theMAN settingis about350

cells (countingonly fixed propagatiordelay); valuein betweerthe queuethreshold250 and500 (dueto

spacedimitations we ommit the resultsfor the later case). Note alsoan abnormalconfidencantenal for

RIF = 1/16 andMAN setting(Fig. 5b) that appearediue to rate stanation of the class0 sourcedor

certainsettingsof theinitial cell rates.Subsequentjyesultsobtainedor varying RD F parameteandfixed
RIF = 1/1024, shawn in Fig. 6, exhibit expectecbehaior. Highervaluesof RDF', for identicalsettingof

theend—systenparametersyield anallocationcloserto the proportionafairnesgasobsered on the basis
of (13)). Also, again,it is evidentthatfor smallervaluesof RDF thereis a higherdiscrepang betweerthe
numerical/simulatiomesultandthe correspondingnalyticalone,dueto aforementionedeasons.

5 Discussionof the Resultsand RelatedWork

Onthebasisof theobtainedresultswe obsere following. Theanalyticalresult(12),anda specialcase(13)
indicatethatratio ;— playsanimportantrole in the ratedistribution. First, it is a weight(divided by N;) of
therateutility functionof thesource; (12),thus,higher% implieshigherrateutility. Secondit determines
significanceof the elementsn the sumatiorof thelog(-) amument.For amoment|et r;, n;, and N; beset
to equalvaluesfor all sourcesthen,for r; << n;x; ratedistribution is closeto theproportionalfairness.

Next, we obsere thatin respecto the asymptotidimit (t — oo andsmallr; andn; parametersyate
distribution doesnot dependexplicitly on the round—triptimes; this is not the casewith TCP congestion
avoidance(se€[4]).

The resultobtainedfor the parking—lotnetwork (13) suggestgollowing selectionof the parameterin
orderto achieze max—minfair allocation.Ratio ;—; shouldbekeptsmall(relatively in respecto the number

of connectionas andnumberof hopsI?), while settingof ’"3 shouldbe equalto the valueI timeslarger
than ” This obsenration is validatedthroughsimulationfor the rangeof varying RI F, parametemwith
fixed RIFI, seeFig. 7. The analytical,numerical,and simulationresultsconformto eachother andit is
shavn that differentfairnessobjectivescanbe achieved by properselectionof the end—systenparameters.
Validationof theabove reasoningor a moreextensve setof parametersandanarbitrarynetwork topology
remaingo bedone.

3This certanlyimplies scalabilityproblems.
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It is commonlyclaimedthatfor thebinary ABR schemesRIF and RDF' parametersiave to be setto
smallvalueg[13]. However, onthebasisof ourresultswe inducethat R/ F and RD F' shouldcomplyto the
following settingrules(relative within interval [0, 1])

e speedf corvemgence-large RIF andlarge RDF,
e utilization—large RIF andsmallRDF',
e fairness-smallRIF andlarge RDF'.

Obviously, thereis atrade—of in selectionof both RIF and RD F parameters.

Interoperabilityof EFClandER Schemes- In practiceit is likely that EFCl and ER switchescoexist,
hencejnteroperabilityof thesetwo scheme the heterogeneousetwork ervironmenthasdravn attention
andit wascoveredin [34], andmorerecentlyin [35]. Lai andLin [35] addressedmpacton the useand
settingof a certainconfigurationparameterin the mixed environment. Resultsregardingoptimal locality
of ER switch,in all EFCI network, givenin [34] and[35] areinconsistentFurthermorePlotkin andSydir
[36] identifieda rate mismatchproblem,occuringin a heterogeneousetwork of oscillatory (binary) and
non-oscillatory(ER) schemes.This effect is explainedto occurdueto differencein rapidity of the rate
increasdhatis causeddy the non-bottleneclswitchesthat control the rateduring the rate—increasphase;
theresultingeffectis unfairness.

TCPover ABR — Somework on performanceof TCP over ABR hasalreadybeendone. The existing
work mainly concentratesn comparatie analysisof TCP performancever ABR, versusTCP over UBR
[37, 38]. In practice ABR segemenis rarelyemplo/ed end—to—end;atherit is commonlya segmentwithin
acommunicatiorpathbetweersourceanddestination.-Theformercorresponds anATM interconnection
of two ATM workstationswhile the later correspondso aninterconnectiorof two legag/ LAN networks
throughATM backbonelt is known thatABR congestiormechanisnpushesongestiorpointstowardsthe
sourceend-systemni,e. edgeof the network [37]. Henceforthkeepingin mind complity of the ABR and
inheritoverheaddueto RM cells,it becameguestonablevheathelABR providesary benefitsin respecto
UBR accompaniedvith a paclet level buffer managementNeverthelessABR couldremedyexisting bias
[4] againsfTCP connectionsvith long round—triptimes.

Fairnesdssues- In majority of thework it is implicitly assumedhatthe utility, relatingtheratealloca-
tion to userutility, is the samefor all sourcespr morerestrictve thattherelationshipbetweerutility andthe
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rateis linear Accordingly mostof therateallocationschemesrebasedon bandwidthexclusively. How-

ever, therehasbeenanincentie to allocatebandwidthsothatthe userutility is takeninto accountseefor

example[39, 40]. Thoseproposalsareoftenin conjuctionwith the integratedpricing, with anobjectie to

maximizeasocialwelfare,definedasasubtractiorof theuserutility andwillingness—to—paywhichresultin

aneconomicallyefficientutilization of network resource$40]. However, maximizinga givenoverall utility

functionis often leadingto an unfair allocationof the bandwidthin respecto TM4.0 notion of fairness.
Recently CaoandZegura[41] shaved how a bandwidthmax—mincanbe generalizedo utility max—min,
in orderto take into accountiversity of applicationutilities.

6 Concluding Remarks

We evaluatedfairnessof the rate distribution provided by the binary ABR schemethrougha stochastic
modeling. The modelis derived undercertainreasonableet of assumptionsand validatedthroughnu-
mericalsimulationof the associatedimit meanODE, andthroughdiscrete—gent simulation. The results
clarify intuitive agumentsexplaining the obsered bias againstthe ABR connectiongrarversinga large
numberof binary ATM switches. Furtherwork might be directedtowardsa more extensve validation of
theresultthroughsimulationover larger setof parametersparticularly for largervaluesof the propagation
delays.Neverthelessthe settingof the ABR parameterso improve fairnessof the binary schemeshould
bevalidatedfor othermultiple—bottleneckopologies Finally, anumericalsolving of the coupledsystemof
equationgrate(5) andqueueing8) dynamics)Xeseresfurtherstudydueto speedf numericalsimulation
comparingo thediscrete—egentone.
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