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Abstract— This paper intr oducesa new packet marking algo-
rithm that can be usedin the context of AssuredForwarding (AF)
in the DifferentiatedServices(DiffServ) framework [1], [2]. The
new marking algorithm is called Equation-BasedMarking (EBM)
and is basedon the TCP modelin [3]. EBM is to handle the prob-
lems found in other marking schemes egarding fair nessamong
heterogeneouslCP o wsthrougha tight feedback-loopoperation
and adaptation of the packet marking probability to network con-
ditions. We designa packet marker that usesEBM asthe marking
algorithm, and evaluate its performance using in-depth simula-
tion. We alsoprove analytically the correctnessof the marking al-
gorithm and compareit with other marking schemedor differ ent
network scenarios.Our evaluation resultsdemonstratethe effec-
tivenessof EBM in providing the required fair nessamonghetero-
geneouso wsand ensuring protection againstnon-assuedtraf c.

|. INTRODUCTION

IFFSER/ is one of the recent proposalsto provide

Quality-of-Service(QoS) to IP networks, especiallythe
Internet[1]. TheDiffServframeawork providesa small,yet ef-
fective, numberof serviceswvhich canbe usedto build end-to-
end QoSfor differentapplicationson the Internet. Due to its
simplicity andscalability DiffServhasbeenreceving consid-
erableattention.

Basically theDiffServframevork introduceswo! additional
paclet-handlingscheme®asedn Per-Hop Behavios (PHBS),
besidesthe basicbest-efort delivery mechanisnusedin the
currentinternet[2]. Thetwo basicPHBsde ned for DiffServ
aretheExpedited-orwarding (EF) andthe Assued Forwarding
(AF) [4] PHBs. The EF PHB is usedto build serviceshatre-
quirelow delay low jitter, low loss,andassuredandwidthlike
the Mirtual LeasedLine (VLL) serviceswhile the AF PHB is
usedto build more“elastic” serviceghatimposerequirements
only onthroughputwithout ary delayor jitter restrictions.

The ideabehindthe AF PHB is to differentiatepaclets by
marking them, basedon conformanceo their target through-
puts. Non-conformanpacletsarecalledout-of-pio le (OUT),
while conformantpacletsare calledin-pro le (IN). Then, by
using a differentiatedRandomDrop Gatavay like RIO [5] or

Thework reportedn this paperwassupportedn partby Samsungelectron-
ics, Inc. andby the Of ce of Naval ResearchunderGrantNo. NO0014-99-1-
0465.

In fact, thereare others,e.g., ClassSelectorPerHop Behavior group, but
notasimportantasthesetwo.

a more generalform thereof,at the time of congestionOUT
pacletsaremorelik ely to be droppedthanIN paclets. This,in
effect, protectdN pacletsfrom OUT ones giving applications
their requiredbandwidths.For three-colorAF, IN pacletsare
labeledGreen and OUT paclets are divided into Yellow and
Redin orderto exert more control on the available bandwidth
of thenetwork. Thesethreecolorscorrespondo the AF'sthree
dropprecedence®Fx1, AFx2, andAFx3, respectiely.

Recently signi cant efforts have beeninvestedinto the per
formanceevaluationof TCP congestioncontrol for a random
dropgataevay like RED [6], or generalizatiorthereoflike RIO
[5]. Someof theseefforts placedan emphasin AF services.
The authorsof [7], [8] found unfairness— in sharingthe ex-
tra bandwidthin undersubscribedetworks, or degradingper
formancein over-subscribechetworks — amongthe TCP ag-
gregatesthat have differentround-triptimes (RTTs), average
paclet sizes targetrates,or numbersof micro- owsin theag-
gregate. They also considereddifferent modelsfor the drop
gatevay con guration, such as RIO-C, WRED, overlapped,
non-overlappedsingle and multiple averages. Similar results
have beenreportedin [9] and[10], thelatter of which hasalso
evaluatedthe differencein usingtokenbucket andaveragerate
estimatormpolicing (marking).

On the other hand, paclket marking algorithmshave been
proposedo work with AF, suchasthe Two Rate Three-Color
Marker (TCM) in [11], which is basedon token bucket me-
tering, and the Time Sliding Window Three Color Marker
(TSWTCM) in [12], [13] which is basedon the averagerate
estimatoralgorithmin [5]. In thesemarkingschemestwo tar
getratesarede ned: Committedinformation Rate(CIR) and
Peak Information Rate (PIR). The former is the minimum re-
quiremento beachieved,andthelatteris for asurplusof band-
width whenthenetwork s lightly-loaded.An enhancedersion
of Time Sliding Window (TSW), calledEnhancedlime Sliding
Window (ETSW), wasproposedn [14] to handlethe TCP dy-
namicsandover-markingin the original TSW marlker.

An excellentanalyticalstudyof the achiezable performance
for TCP usingtokenbucket markingis reportedin [15] where
the authorsprove thattoken bucket markerscannotachiese all
valuesof assuredatesandtheachievedrateis notproportional
to theassuredate. They alsointroduceda methodof choosing
thecorrectpro le to achieve agivenservicelevel.



Unfortunatelythesetypesof markingalgorithmsdo nothan-
dle, nor have beenevaluatedwith respecto the unfairnesss-
suesmentionedabove. The authorsof [7], [8], aswell asour
extensize simulation, nd thatall thesemarkingalgorithmssuf-
fer the following fact: TCP o ws with differentRTTs cannot
achieve throughputproportionalto their targetrates. The same
phenomenormccursfor TCP o ws with differenttarget rates,
differentmeanpaclet sizes,or aggrejateswith differentnum-
bersof micro- ows. This is not acceptablén the operationof
AF.

Severalremediediave beenproposedo overcomehesefair-
nessproblems,suchasthe TCP-Riendly marker [16] andthe
Fair Marker [17], but they suffer from their inherentcomplex-
ity, nor hastheir performancebeenevaluated. Two adaptve
marking algorithmshave beenproposedin [18] and [19] as
AdaptivePacket Marking (APM) and Intelligent Trafc Con-
ditioners (rtt-aware and target-avare), respectrely. APM is
found to performwell in tracking the dynamicsof TCP and
preservinghetargetrate,but it is basedon aninaccuratdeed-
backmodelwhich causegperformanceuctuations. Moreover,
APM hasto be implementedinside the TCP code itself, re-
quiring modi cation of all TCP agentsto be ableto usethis
markingalgorithm. The Intelligent Traf ¢ Conditionertriesto
usethe simple TCP modelin [20] to handlethe unfairnessas-
sociatedwith differentRTTs anddifferenttargetrates. Thisis
somavhatsimilarto theapproachproposedn thispaperexcept
thattheseconditionersrequireexternalinputsandcooperation
amongmarkersfor differenttraf c aggreyateswhich tendsto
bevery comple in implementatioranddeployment.

We proposen this paperanen AF pacletmarkingalgorithm
that solvesmostof the unfairnessand protectionproblemsas-
sociatedwith the othermarkingschemes First, we de ne the
fairnesgermasfollows: “In an undersubscribechetwork,all
ows shouldgeta shaie of theexcessandwidthproportionalto
their target rates(an equalshake for equaltargetrates).In an
over-subscribechetwork,all ows shouldexperiencethrough-
putdegradationproportionalto their target rates(equaldegra-
dationfor equaltargetrates)”.

Our marking algorithm is called Equation-BasedVarking
(EBM), andworkssimilarly to TCPR but onthe packet-marking
level. It senseghe currentnetwork conditionsand adaptsthe
paclet markingprobabilities(IN andOUT for two-colormark-
ing; Green,Yellow, andRedfor three-colormarking)accord-
ingly. This adaptatioradjuststhe loss probabilitiesof hetero-
geneousTCP o ws, thus providing an equal or proportional
shareof extra bandwidthin undersubscribedetworks,andan
equalor proportionaldegreeof throughputdegradationn over
subscribedhetworks. The new markingalgorithmpredictsthe
behaior of the TCP senderandadjuststhe markingprobabili-
tiesaccordinglydistinguishingtself from theotherapproaches
to AF marking. This behaior givesa closeinteractionbetween
themarkerandthe TCPsender

The paperis organizedasfollows. In Sectionll, we discuss
themainideabehindEBM andgive a brief overview of theop-
erationof EBM. Designof the EBM is detailedin Sectionlll
with a brief reasoningpf how it works againstunfairness.We
presentananalysisfor the operationof EBM in SectionlV and
outline the proof of its correctnessSectionV presentghe re-

sultsof EBM performancesvaluationunderdifferentparame-
tersand comparingEBM with the other marking algorithms.
We endthe papemwith concludingremarksin SectionVI.

Il. EQUATION-BASED MARKING

EBM solves the unfairnessproblemsassociatedwith the
other AF markingschemedy usinga compactfeedbackcon-
trol modelbasedon the TCP modelwhich wasintroducedin
[3] andis summarizedn AppendixA for completeness.The
model encodesall the previously-mentionedactorsaffecting
performancein a singleequation £q. (5).
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Fig. 1. Feedbackoop operationof EBM

The marker works in the feedbackioop shavn in Figure 1
by sensinghelosseghatthe TCP connectiorexperiencesand
triesto estimatethe currentnetwork conditionsand adjustthe
markingprobabilitiesaccordingly

EBM worksjust like TCP which adjuststhe sendingrate by
sensingthe level of congestiorin the network via obsenation
of paclet losses. So, EBM, throughthe innermostfeedback
loopin Figurel, controlsthe TCP congestiorcontrolfeedback
loopsandprovidesappropriatanarkingto achiese therequired
targetrate. This, in effect, providesfairnessamongdifferent
TCP o ws aseach o w hasits paclketsmarked, dependingon
whetherit recevedits shareof bandwidthor not.

EBM usesestimatedossprobabilities,insteadof estimated
averagethroughputjn calculatingthe requiredmarkingproba-
bilities, andusegheduality betweerthroughputandlossprob-
ability asshawvn in Figure?2.
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Fig. 2. Duality betweerthroughputandlossprobability

In this gure, we identify the target loss probabilities,
and , correspondingo target throughputrates, CIR and
PIR,respectiely. EBM useghesetwo parameterfn its opera-
tion, andcalculateghemfrom the TCP modelin Eq. (5) using



thecurrentnetwork conditionslike RTT, meanpacletsize,and
maximumTCP window size. Then,asdescribedater, it uses
the currentloss probability seenby this TCP ow aswell as
thesetarget loss probabilitiesto calculatethe paclket-marking
probabilities.

Severalresearcherattemptedo model TCP congestiorcon-
trol [3], [20], [21] using model-basedate control [22], and
equation-basedongestiorcontrol [23]. However, EBM is dif-
ferentfrom these,asit works in the context of AF Services
which employ packet markingto provide QoS differentiation
basedn TCP's reactionto pacletlosses.

I1l. THE DESIGN OF EBM

The EBM is structuredasshown in Figure3. The marking
enginemakesuseof two othermodules,onefor currentRTT
estimation(Sectionlll-B), andthe otherfor currentlossproba-
bility estimation(SectionllI-C). It takesthe updatedvaluesof
RTT andcurrentlossrateandputstheminto the inverseof the
TCPequation, 2, to getthetargetloss
probabilitiesfrom the targetthroughputrates. This calculation
is the key, asit adaptgo the currentvaluesof lossprobability,
RTT, andthe otherderived parametersie ecting differentval-
uesfor differentTCP o ws/aggrgates.Thetargetlossproba-
bilities areusedthroughanappropriatenarkingfunctionto get
the paclet marking probabilitiesfor the three colors: Green,
Yellow, andRed.

Figure 4 illustratesthe main stepsin the EBM operation.
Thesestepsareexecutedperiodically andthe executionperiod
is tunableto achieve the bestperformance.

In the following sectionswe detail each of the building
blocksof the EBM andthe stepsof the algorithm.
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Fig. 3. Main blocksof theEBM

A. Calculationof thetargetlossprobability

Eq. (5) indicatesa one-to-onaelationshipbetweerthrough-
put, , and loss probability , for given maximum win-
dow size, RTT, and mean paclet size. EBM usesthis re-
lationship to derive the loss probabilities correspondingto
the target throughputrates,CIR and PIR. As mentionedear
lier, theseloss probability valuesare called target loss prob-
abilities, and

. This calculationrequiresthein-
verseof the TCP equationwith respectto loss probability, ,

We call theinverseof w.rt. .

Each periodic interval:

1. Use current estimate  of round-trip time and time-out,

and , respectively

2. Use current estimate of loss probability,

3. Use value of the maximum TCP window size,

4.  Calculate maximum achievable throughput,

5 if ( )

6 Exit with error “Not able to achieve CIR and PIR"
7. if ( )

8 Warning “Not able to achieve PIR"

9 end if

10. end fif

11.  Calculate
and
12.  Calculate packet and

13. Mark packets

marking  probabilities

Fig.4. EBM algorithm

but, unfortunately theredoesnot exist a closedform for this
inverse. So, EBM numericallycalculateghe requiredvalues.
The calculationprocessis tunedby changingthe rate and/or
accurag of calculation.

Oneimportantstepto be taken by the EBM algorithmis to
ensurethat the numericaliterationswill corvergeto a correct
value; otherwise,thereis no needto iteratein the rst place.
This is therole of Steps4-10, wherethe algorithm calculates
the maximumachiezable TCP throughput, , with the cur-
rent valuesof , ,and by putting 3 when
evaluating . Then, it compareghe tamget throughputrates,
CIR andPIR, to this maximumvalue,andif it is smallerthan
ary of thetargetrates thenthis targetratecannot be achieved
underthe currentcircumstanceAccordingly, the numericalit-
erationwill not corvergeto a correctvalue. The proof to this
cornvergencecriterionis givenin SectionlV-C.

B. Estimationof RTTand

This moduleusesa methodsimilar to the oneusedin TCP's
estimationof RTT with two differences.First, the estimation
procedureusesthe timestampoptionin the TCP headerin or-
derto estimateRTT and  with a high resolution. Second,
the moduleis locatedoutsidethe sendefTCP, soit readsand
modi es the paclets' TCP headersn orderto usethe times-
tampoption. The estimationproceduras depictedn Figure5,
wheresrttis theestimatedRTT and theestimatedetransmit
time-out.

C. Estimationof the currentlossprobability

Using the averagelossinterval methodin [23], EBM esti-
matesthe currentloss probability of the network seenby this
o w in particular

In fact,thereis novaluefor  at
, instead.

, but we usea very smallvaluelike



At each estimation interval
of the TCP flow

an acknowledgment

Record and timestamp a packet

Upon receiving

/*Check if it is for the previously-recorded packet*/
if (segno of the ack recorded  seqno)
current  rtt = now recorded  timestamp
[*Calculate the WMAof the measured RTT values*/
srit = w t + (1 - w) srtt
delta = |rtt - srtt|
end if

Fig.5. Estimationof RTT

For corveniencewe describethe methodhereandgive the
detailsof detectingossevent$ from the marker side,whichis
locatedoutsidethe TCPsource.Thelossinterval, , is de ned
asthenumberof pacletstransmitteccorrectlybetweertwo loss
events( , ). Theestimatedossinterval is calculated
astheweightedaverageof thelast intervals:

for weights

For the reasonamentionedin [23], EBM uses , giving
weightsof 1,1, 1,1, 0.8,0.6,0.4and0.2for  through
respectiely. The reportedloss probability will be lossrate =
1/ .

Detectingloss eventsfrom the marker side and outsidethe
TCPsenderequiressomeknowledgeof pacletlossesin TCR
a pacletlossis detectedvhenthe senderecevesthreedupli-
cateACKs, or whentheretransmitime-outexpires,whichever
occursrst. In bothcasesandaccordingotheTCPRenosfast
retransmitprocedurg24], thelost pacletis retransmitted De-
tectingthreeduplicateACKs atthe marker is not a problemby
usingsimilar statevariablesusedin TCP, but detectingpaclet
lossthatcausestime-outis alittle bit harderespeciallywhen
a time-outtimer is not used. Also, we ignoreary losswithin
oneRTT from a previousone,asmentionedn [23]. After tak-
ing severaltuningproceduresareasonabléehaior of theloss
estimatotasbeenreached.

D. Marking Function

Basedon the target loss probabilities, EBM usesa linear
function to calculatethe marking probabilities, and
for thethree-colomarkingcase proportionalto and
asshawn in Figure 6. This marking function is similar

A loss event is different from paclet loss, as the former may consistof
several pacletlosseswithin around-triptime.

to the one usedin the TSWTCM marking scheme but with

throughputreplacedy lossrate,andCIR andPIR replacedhy
and . TheYScaleandRScalearedesigrnparameterthat

take valueswhich dependon the currentnetwork conditions.
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Fig.6. Markingfunction

To shov how the marking function works, we presentthe
caseof four similar TCP o ws but with differentRTTs. We
plot their and in Figure 7 and the resultingmarking
probabilitiesfor the three-colorcasein Figure8. We identify
herethatthe markingfunctiontriesto adjustthe paclet mark-
ing probabilitiesto equalizethe loss probabilitiesfor the four
different o ws, andhenceequalizingthroughput(asthereis a
one-to-oneelationshipbetweenthroughputandloss probabil-
ity); the o w with ahigherpercentagef Yellow, andRedwill
have morelossesandhenceessthroughput.

Oneshouldseethe samebehaior for theotherfactorsor for
a combinationthereofaswell. This validatesthe operationof
EBM in providing the requiredfairnessamongheterogeneous
TCP o wsor aggreates.

IV. ANALYSIS OF EBM OPERATION

In this sectionwe analyzethe operatiorof EBM to shav the
correctnessf theoperatiorandexaminethecorvergenceof the
numericaliterationstakento calculatethe targetlossprobabil-
ities. Herewe chosea steady-statanalysis,andwill consider
the dynamicsof EBM in our future work. First, we presenta
correctnesproof basedon the feedbackmodel of the marker
with both TCP and the drop gatavay. The approachto this
proof hasbeeninspiredby the studyin [25]. We presentthe
proof herefor the caseof o ws with differentRTTs only. Us-
ing a similar procedurethe othercasef differenttargetrates
or differentpaclet sizescanalsobe proved.

A. Assumptions

In orderto malke the proof tractableandsimplify the mathe-
maticsinvolved,we make the following assumptions.
Al. Weconsidemasystemof TCP o wspassinghrough
a commonlink  with capacity asshawvn in Fig-
urell, exceptfor usingasingle-hometwork. In Sec-
tion V, we usea multi-hop network asa generaliza-
tion, andtheresultsarevalid for thatcaseaswell. All
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otheraccessinks have enoughcapacity sothatlink
is theonly bottleneckfor all o ws.
All TCP o ws have the sameparametergxceptfor
RTTs,i.e.,each o w seeadifferentRTT. We assume
thatthe systemis in the steadystate(no slow start),
andall TCP o ws have unlimited datato send. We
alsoassumehatthe systemis undersubscribedi.e.,
thereis a surplusof bandwidththat canbe allocated
to eacho w.
Without loss of generality we will use a two-color
versionof the RED drop gatavay, calledRIO [5], to
male the proof simplerandtractable but the results
work for thethree-colorcaseasstatedn SectionV.
Unlike the studyin [25], we do not usethe average
gueuesizemodelof theRIO. Insteadwe assuméhat
a typical RIO drop gatevay givesa x ed loss prob-
ability per class(IN and OUT) for all ows pass-
ing throughthis gatavay. So,all o ws seethe same
valueof lossprobabilities, , for IN paclets,and
for OUT paclets. Note that different o ws
may still seedifferenttotal lossesdependingntheir
parametershut we only assumehatlossprobabilities
in aclassarethesamefor all o ws. A justi cation for
this assumptioris givenin AppendixB.

As mentionedbefore,the TCP modelin AppendixA does
not have a closed-forminversewith respecto lossprobability
; neitherdoesthe approximatenodelgivenin [25], sowe use
numericalmethoddor this proof anddiscretizethe problemas
explainednext.

B. Proofof Correctness

Theoeml—FRairness: Forasetof TCP ows, ,
with sameparametersandsametargetrate, CIR, but with dif-

ferentRTTs, , whenEBM is usedfor AF marking,they
will getapproximatelythe samegoodputs, . In otherwords,
for all , , if , thenusingeBM
will resultin and .

Proof: Listedbelow arethestepstakenfor the proof.
1) For eachvalue of , calculatethe TCP throughput
from Eq. (5), using the loss probability,
, seerby ow
2) Thevalueof is calculatedfrom the RIO loss proba-
bilities for each o w, dependingon its paclet marking

probability,
1)
3) Thevalueof the markingprobability; , is calculated
for each o w usingasimilar markingfunctionto theone
in Figure6 but for two colorsonly (IN andOUT).
)
4) Thevalueof is calculatechumericallyfor eacho w
usingits own from the inverseof Eq. (5) with re-
spectto as:
®3)
5) Solvingfor  usingEgs.(1) and(2), we get:
(4)
Then,substitutingn Stepl for eachvalueof , we getthe

nal TCPthroughput, ,foreachow

One instanceof the resultsusing thesestepsis shavn in
Figure 9 for , , ,
, and RTT is uniformly-distributed from
200msto 900ms. The gure also shows the throughputval-
ueswithout usingEBM, aswell asthe CIR value. The gure
clearlyshawvs the correctoperationof EBM with respecto the
requiredfairnessamongTCP o wswith differentRTTs. |

C. Corvemgenceof EBM lIterations

As mentionedin Sectionlll-A, Eq. (5) describesa contin-
uousand one-to-onerelationshipbetween and asshowvn
in Figure 10, where is plotted as a function of  for dif-
ferentRTTs rangingfrom 0.07sto 0.7s, , and
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. We usethe bisectionmethodfor nding the
inverseof w.r.t. numerically[26], andto iteratefor theval-
uesof and , we startfrom and . These
two valuesboundthe whole scaleof possibleloss probability,
meaningthat a valid valueof can be calculatedby the In-
termediateValue Theorem[26]. However, is a function of
othervariablesike , ,and , Whichimposeother
limitationson thethroughputachiesedat certain  asshavnin
Figure 10. So, given somevaluesfor , ,and ,
thereis amaximumvaluefor thethroughput, , thatcanbe
achieved. Thisis thevaluecalculatedn Sectionlll-A to com-
parewith. By de nition, shouldbefoundatverysmall ,
andthis valueis boundedfor certainvaluesof , ,and

. Therefore,we rst testfor this conditionin the EBM
algorithm,andif the requiredtargetratesarebelow this maxi-
mumvalue,thenthe numericaliterationwill alwayscorverge.

V. EVALUATION

We usens-2 [27] to evaluatethe performanceof EBM and
compardt with othermarkingalgorithms.The network in Fig-
ure1lis usedfor our evaluation.

Differentscenarioshave beensimulatedon this network to
measurehe performancdor differentparametersin all these
scenarios TCP sourcesare usedalongwith two UDP
sourcesasbackgroundraf c generatorsThisbackgroundraf-
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Fig. 11. Simulationtopology

c representthebest-efort traf c in thelnternetandusesCBR
(ConstanBit Rate)andRed-coloredlowest-priority)paclets.
Edge routersdo the meteringand paclet marking (repre-
sentedashboxesin Figure11) and coreroutersimplementthe
Multi-RED (MRED) buffer managemenrdsa realizationof the
AF PHB. MRED usesa singleaverage non-overlappedstag-
gered)model and hasthe parameterdisted in Table | where
thresholdselative to thetotal queuelength areused.

TABLE |
MRED PARAMETERS

[ Parameters for || Green | Yellow | Red |
Queue length L L L
0.875L 0.625L 0.3125L
0.625L 0.3125L 0.025L
0.02 0.05 0.1
0.002 0.002 0.002

EachTCP sourcegenerateganin nite FTP bulk datatrans-
fer, with its own targetrates,CIR and PIR. The subscription
level of the network is setby properlyadjustingCIRs andthe
backgroundate.

All accesdinks have a capacityof 100Mbpsanda lateng
adjustableo the simulationscenariowhile the links between
coreroutershave a 10Mbpscapacityanda 10mslatengy.

Thebottlenecks madeto occuratthelinks betweerthecore
routers. Unlessotherwisestated,a paclet size of 576 bytesis
used.In all the simulationswe measurghe goodputachieved
by eachTCP o w usingtheWeightedMoving Averagg WMA)
techniquewith a1-secondvindow andaweightof 0.5-0.8.We
then calculatethe averagegoodputover the whole simulation
period.Eachsimulationscenarias repeated O times,andthen
anaverages takenoverall runs.We usethefollowing notations
in thegraphs:

TCM Tokenbucket ThreeColor Marker.

TSW Time Sliding Window threecolor marker.
ETSW Enhancedime Sliding Window marker.
RPM RandomPacket Marking.

APM Adaptive Packet Marking.

EBM Equation-Baseiarking.

CIR CommittedinformationRate.

PIR PeakinformationRate.

The EBM usesa 10sednterval betweertwo successie cal-
culationsof and , andan accurag of 0.005%,while
usinga YScaleof 500anda RScaleof 1000. Thesevalueshave
beensetempiricallyfor the bestperformancef EBM with the
currentnetwork con gurationusedin the simulation.
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A. Subscriptiori_evel

In the rst scenario,we investigatethe effect of the net-
work subscriptionlevel, or load, on the performanceof EBM,
comparingit with other marking schemes. The subscription
level is changedrom a light load (45%) to a heary overload
(200%),andtheresultsareplottedin Figure12. A CIR valueof
500Kbpsanda PIR valueof 700Kbpsareusedfor all marlkers,
andby changingthe backgroundate,we achieve therequired
subscriptiorlevel in the network.

Fromthe gure, we seethat EBM hasbetterprotectionand
adherencéo CIR thantheothermarkingschemesinderabroad
rangeof network loads. Of course,undera very light load, all
the markers can achieve good throughput,as thereis a large
surplusof capacityin the bottleneckinks. On the otherhand,
for heary network loads,EBM is superiorto othersin protect-
ing the AF trafc from backgroundrafc to sustaingts CIR
and get asmuchbandwidthasthey canfrom the extra capac-
ity towardsPIR. To showv the fairnessamongdifferent o ws,
Figure 13 plots the goodputper o w for a 120% subscription
level. All markingschemesave the samefairnesdn this case
for similar o w parameters.

Note that APM alsoyields similar performanceon a large
time scale but ona smalltime scale APM causesnore uctu-
ationsin theachiezedthroughputhanEBM. This characteristic
is alsoexperiencedn all otherscenarios.
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B. RTT

Using a rangeof RTTs from 100msto 1520msfor differ-
ent TCP o ws, by changingthe latenciesof accesdinks, we
evaluatethefairnessandperformancef EBM againstheother
markingschemesn moderately-andheaily-loadednetworks.
Theresultsareplottedin Figuresl4 and15for 80%and130%
load,respectiely.

One can seeform these gures how EBM equalizesthe
throughpuamongdifferentTCP o wswhile satisfyingthe CIR
requiremenunderboth conditions,whereaghe othermarking
schemegannot evenreachCIR underheary loadsandlarge
RTTs.

C. TargetRate

TCP o wswith differenttargetratesshouldgetproportional
sharesf excessbandwidthin undersubscribechetworks [7],
[19]. We evaluateEBM for this caseusingarangeof CIR from
0.5Mbpsto 2.3Mbpsanda PIR equalto twice the CIR. Each
ow hasa differentCIR and PIR values. A link capacityof
20Mbpsis usedbetweencoreroutersinsteadof 10Mbps. Re-
sults are plottedin Figure 16 for 80% load andin Figure 17
for 120%load. Onecanseethat EBM provideseachconnec-
tion its proportionalshareof excesshandwidthfor bothunder
subscribedndover-subscribedases.
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D. PacketSize

We now evaluatethe performanceof EBM along with the
othermarkingschemegor o ws of differentpaclet sizes.We
usea rangeof paclet sizesfrom 100 bytesto 1500 bytesand
shaw theresultsfor 65%load (undersubscribed)n Figurel18,
and 120%load (over-subscribed)n Figure19. CIR andPIR
valuesarelMbpsand1.5Mbps respectiely, andwe usea link
capacityof 20Mbpsbetweencore routers. Again, EBM suc-
ceedsin providing the requiredfairnessamongthe heteroge-
neousTCP o ws providing almostan equal bandwidthfrom
thenetwork for equaltargetrates,CIR andPIR.

E. Overhead

We evaluatethe overheadcausedby the operationof EBM
whichis expressedistwo terms. The rst is the paclet classi-
cation andmarking,andstatevariableupdatesThisoccursin
all otherpaclet markersandis notuniqueto EBM.

The secondoverheads for the calculationof and .
We measuredhis overheado be 1.5 to 2mson a Pentiumll,
450MHz processomwith 192MB RAM machine. This calcu-
lation is performedevery 10 secondgesultingin 0.015%to
0.02%overhead.

VI. CONCLUSIONS

In this paperwe introduceda new markingalgorithmcalled
EBM thatcanbeusedto senethe AF serviceclassin the Diff-
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Servframewnork. The EBM markingschemesolvesthe prob-
lemsassociatedvith previous schemesegardingfairnessbe-
tweenheterogeneou$CP 0 ws and protectionof targetrates
under diversenetwork conditions. We evaluatedthe perfor
manceof EBM throughsimulationdemonstratingts superior
performanceo the othermarkingschemes.

The dynamicsof the EBM operationneedto be evaluatedn
orderto make surethat therewill be no large uctuationsin
the performanceThedif culty associatedvith this analysisis
thatwe have to modelall systemsnvolvedusingpropertrans-
fer functions,including the randomdrop module,in orderto
analyzethetransientanddynamicoperationof EBM quantita-
tively. Thebehaior of EBM with short-lvedTCP o wsshould
be also considered.Theseissuesare mattersof our future in-

quiry.
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APPENDIX
A. TCPModel

otherwise

where

where
: isthesendingrateof the TCP o w in bits/sec.
: istheaveragepacletsizein bits.
. isthelossprobability(i.e., probability of loss).
. is theaverageround-triptime.
is the typical value of the retransmittimeout (typically
5 )
. is the maximumrecever window sizeenforcedby the
receverin paclets.
. is theaveragenumberof pacletsacknavledgedby an ACK,
(usually?).

B. Justi cation for the RIO Assumption

In RED and similar Active Queue Management(AQM)
schemedike RIO, the drop rate is a linear function of the
averagequeuesize. So, for example, for a two-color drop
gateavay basedon RIO, the drop probabilities(or drop rates)
aregivenasfollows. For theIN paclets:

(6)

where
. is themaximumqueuesizeor buffer size.
. is the averagequeuesizefor the IN pacletscalculatedas
WMA of theinstantaneougueuesamples.
are the RIO parameterdfor IN
paclets.

A similar formulaexists for OUT pacletsobtainedsimply by
replacingeveryin with out.

The loss probabilities, and , will bein the
range , and , respectiely. It is impor
tant to note that the calculationdoesnot dependon per o w
information, so pacletsfrom different o ws will seethe same

®)



instantaneougaluesof lossprobabilitiesfor IN andOUT pack-
etsasfunctionsof the sameaveragequeuesize.However, total

lossesfor IN and OUT pacletsfor each o w dependon the

numberof IN and OUT pacletsin the o w's paclet stream,
which is directly relatedto the markingtechniqueused. The

valuesof and are proportionalto the average
trafc loadonthis gatavay. If theloadis high, thelossproba-
bilities will behigh;andif theloadis low, thelossprobabilities
will below, but will still becon nedin range



