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Internet-Draftsare working documentsf the InternetEngineeringTask Force (IETF), its areas,and its
working groups.Notethatothergroupsmayalsodistribute working documentssinternet-Drafts.

Internet-Draftsare draft documentsalid for a maximumof six monthsand may be updatedreplacedor
obsoletedy otherdocumentatary time. It is inappropriatedo uselnternet-Draftsasreferencenaterialor
to cite themotherthanas"work in progress.

Thelist of currentinternet-Draftscanbe accessedt http://wwwietf.om/ietf/lid-abstracts txt
Thelist of Internet-DraftShadev Directoriescanbeaccessedt http://wwwietf.org/shadw.html.

This documents not to betaken asa finishedproduct. Someof the sectionsareroughandareincludedin
orderto obtaincommentsrom the communitythatwill benefitfuture iterationsof this document.Thisis
simply a stepin the ongoingcorversationaboutthis document.

Abstract

Onedesirablecharacteristicef ary resourceallocation(or differentiation)mechanisnis thatif mary ag-
gregateseachwith its own reseration, aremegedwith otheraggrg@atesof the sameclass,eachaggr@ate
shouldgetits resened bandwidthanda fair shareof the excessbandwidth.In particular the performance
of anaggregateshouldnot be adwerselyaffectedby otheraggrgatesandtheir congestiorsensitvity. TCP
flowsarecongestiorsensitve while UDP flows arecongestiorinsensitve in thesensehatTCPflowsreduce
theirtraffic if ary pacletsarelost. The goalof this studyis to seeif TCP flow aggr@ateswill be punished
for their goodbehaior in the presencef competingUDP flow aggregatesin the sameassuredorwarding
class.We identify severalfactorsthataffect the performancen the mixed environmentsandquantify their
effectsusingafull factorialdesignof experimentmethodology
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The factorsthat we studiedare numberof drop precendencesquired(one, two, or three), percentage
of resered (highestdrop precedencelraffic, buffer managemengTail drop or RandomEarly Drop with
differentparameters}raffic types(TCPaggrgates UDP aggreates).

This studyhasfour key results.

First,threedrop precedencegreen yellow, andred) helpclearly distinguishbetweercongestiorsensitve
andinsensitve flows.

Secondthereseredbandwidthshouldnotbeoverbooled,thatis, thesumshouldbelessthanthebottleneck
link capacity If the network operatesloseto its capacity threelevels of dropprecedencareredundants
thereis not muchexcessbandwidthto be shared.

Third, the excesscongestiorsensitve (TCP) pacletsshouldbe marked asyellow while the excesscongen-
stioninsensitve (UDP) pacletsshouldbe marlkedasred.

Fourth,the RED parametersave significanteffect on the performanceThe optimalsettingof RED param-
etersis anareafor furtherresearch.

This is a revised and comprehense versionof our previous study presentedt the March and July 1999
IETF Meetings.Thepsandpdfversionsof thisdocumentvith all thefiguresareavailableat: http://wwwcis.ohio-
state.eddjain/ietf/afstdyhtm

1 Intr oduction

DifferentiatedservicegDS) aimsto provide scalable service differentiation in the Internet thatcanbeused
to permit differentiated pricing of Internet service [1]. This differentiationmay eitherbe quantitatve or
relative. DS is scalableastraffic classificationand conditioningis performedonly at network boundary
nodes.Theserviceto bereceved by atraffic is marked asa codepointin the DS field in thelPv4 or IPv6
headerThe DS codepointin theheadeiof anlP pacletis usedto determinghe PerHop Behavior (PHB),
i.e. the forwardingtreatmentit will receve at a network node. Currently formal specifications available
for two PHBs- AssuredrForwarding[2] andExpedited~orwarding[3]. In Expedited~orwarding,atransit
nodeusespolicingandshapingmechanismso ensureghatthe maximumarrival rateof atraffic aggreateis
lessthanits minimumdepartureate. At eachtransitnode theminimumdeparturgateof atraffic aggreate
shouldbe configurableandindependenof othertraffic at the node. Sucha perhop behaior resultsin
minimumdelayandjitter andcanbe usedto provide anend-to-endVirtual Leased_ine’ type of service.

In Assuredrorwarding(AF), IP pacletsareclassifiedasbelongingto oneof four traffic classeslP paclets
assignedo differenttraffic classesareforwardedindependenof eachother Eachtraffic classis assigned
a minimum configurableamountof resourceglink bandwidthandbuffer space).Resourcesot beingcur
rently usedby anotherPHB or an AF traffic classcanoptionally be usedby remainingclasses.Within a

Goyal, Durresi,Jain,Liu Page2



INTERNET-DRAFT draft-goal-diffservafstdy-00 February2000

traffic class,apacletis assigneaneof threelevelsof dropprecedencégreenyellow, red). In caseof con-
gestion,an AF-compliantDS nodedropslow precedencéred) pacletsin preferenceo higherprecedence
(greenyellow) paclets.

In this study we performwide rangingsimulationswhile varying several factorsin orderto identify the
mostimportantfactorsinfluencingfair allocationof excessnetwork resource@amongcongestiorsensitve
andinsensitve flows.

2 KeyFactors Affecting Performance

Thekey factorghataffecttheperformancearethoserelatingto bandwidthmanagemenbuffer management,
traffic typesandtheir treatmentandnetwork configuration.

Bandwidthmanagementelatego thealgorithmsandparameterthataffect service(PHB) givento a partic-
ularaggrgate. In particular the numberof drop precedencefne,two, or three)andthe level of resered
traffic wereidentifiedasthekey factorsto studyin thisanalysis.

Buffer managementlateso themethodfor selectingpacletsto bedroppedvhenthebuffersarefull. Two
commonlyusedmethodsaretail dropandrandomearlydrop (RED). Severalvariationsof RED arepossible
in caseof multiple dropprecedenced hesevariationsaredescribedaterin Section3.

Two traffic typesthat we consideredare TCP and UDP aggregates. TCP and UDP were separateaut
becausef their differentresposdo paclet lossesIn particular we wereconcernedhatif excessTCPand
excessUDP wereboth giventhe sametreatment,TCP flows will reducetheir rateson paclet dropswhile
UDP flows will notchangeandgetthe entireexcessbandwidth. The analysisshavs thatthisis in factthe
caseandthatit is importantto give a bettertreatmento excessTCP thanexcessUDP. This requiresthree
dropprecedences.

In this study we useda simplenetwork configuration. The configuratiorwaschosenin consultationwith
otherresearchermterestedn assuredorwarding. Thisis a simple configurationwhich we believe, pro-
videsmostinsightin to theissues.If sometechniquedoesnot performwell for this configurationwe feel
thatit canberuledoutandconsideredindesirableWith acomplex configurationthenumberof parameters
wouldbetoo largeandwould cloudtheissueslt is quitepossiblehatsometechniqueshatwork for simple
configuratiormay notwork for morecomplex scenarios.

3 Buffer ManagementClassifications

Buffer managemertechniqueselpidentify which pacletsshoulddroppedwhenthe queuessxceeda cer
tain threshold.lIt is possibleto placepacletsin onequeueor multiple queuedependingupontheir color
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or flow type. For thethreshold;t is possibleto keepa singlethresholdon pacletsin all queuer to keep
multiple thresholds.Thus,the accounting(queuesould be single or multiple andthe thresholdcould be
singleor multiple. Thesechoicedeadto four typesof buffer managemerntechniques:

1. SingleAccounting,SingleThreshold SAST)
2. SingleAccounting,Multiple Threshold SAMT)
3. Multiple Accounting,Single Threshold MAST)

4. Multiple Accounting,Multiple ThresholdMAMT)

RandomEarly Discard(RED) is awell knowvn andnow commonlyimplementedgpaclet drop policy. It has
beenshavn performbetterandprovide betterfairnesshantail droppolicy.

In RED, the drop probability of a paclet dependson the averagequeuelengthwhich is an exponential
averageof instantaneougueudengthat thetime of the paclet’s arrival [6]. Thedropprobabilityincreases
linearly from 0 to max_p asaveragequeudengthincrease$rom min_th to max_th. With pacletsof multiple
colors,onecancalculateaveragequeuelengthin mary waysandhave multiple setsof dropthresholdgor
pacletsof differentcolors.In generalwith multiple colors,RED policy canbeimplementedisa variantof
oneof four generakateories: SAST, SAMT, MAST, andMAMT .

Single AverageSingle ThresholdRED hasa single averagequeuelength and samemin_th and max_th
thresholddor pacletsof all colors. Sucha policy doesnot distinguishbetweerpaclets of differentcolors
andcanalsobe calledcolor blind RED.

In Single AverageMultiple ThresholdsRED, averagequeuelengthis basedon total numberof pacletsin
the queueirrespectie of their color. However, pacletsof differentcolorshave differentdrop thresholds.
For example,if maximumqueuesizeis 60 paclets,the drop thresholddor green,yellow andred paclets
canbe{40/60,20/40,0/1C}. In thesesimulationswe useSingleAverageMultiple ThresholdsRED.

In Multiple AverageSingle/Multiple ThresholdRED, averagequeuelengthfor pacletsof differentcolors
is calculateddifferently For example,averagequeuelengthfor a color canbe calculatedusing number
of pacletsin the queuewith sameor bettercolor [4]. In sucha schemeaveragequeuelengthfor green,
yellow andred pacletswill be calculatedusingnumberof green,yellow + green,red + yellow + green
pacletsin the queuerespectiely. Anotherpossibleschemds whereaveragequeuelengthfor a color is

calculatedusingnumberof pacletsof thatcolorin thequeug[7]. In sucha case averagequeueengthfor

greenyellow andredpacletswill becalculatedisingnumberof greenyellow andredpacletsin thequeue
respectiely. Multiple AverageSingle ThresholdRED will have samedrop thresholdsfor paclets of all

colorswhereadMultiple AverageMultiple ThresholdRED will have differentdropthresholdgor pacletsof

differentcolors.
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4 Simulation Configuration and Parameters

The simulationsperformedn this studyusethe network configuratiorshavn in Figurel. Here,customers
1 throughl0senddataoverthelink betweerRoutersl and2 usingthesameAF traffic class.Traffic is one-
dimensionalvith only ACKs comingbackfrom the otherside. Customerd through9 carryanaggreated
traffic comingfrom 5 RenoTCPsource®ach.Custometd 0 getsits traffic from asingleUDP sourcesending
dataat arateof 1.28 Mbps. Commonconfigurationparametersredetailedin Tablel. All TCPandUDP
pacletsaremarkedgreenatthesourcebeforebeing’recolored’by atraffic conditioneratthe customessite.
The traffic conditionerconsistsof two 'leaky’ buckets (greenandyellow) that mark paclets accordingto
their token generatiorrates(calledresered/greerandyellow rate). In two color simulations,yellow rate
of all customergs setto zero. Thus,in two color simulationsboth UDP and TCP pacletswill be colored
eithergreenor red. In threecolor simulations,customerl0 (the UDP customerjalwayshasa yellow rate
of 0. Thus,in threecolor simulations,TCP paclets comingfrom customersl through9 canbe colored
greenyellow or redandUDP pacletscomingfrom customerlOwill becoloredgreenor red. All thetraffic
comingto Routerl passeshrougha RandomEarly Drop (RED) queue.The RED policy implementecht
Routerl canbe classifiedasSngle Average Multiple Threshold RED asexplainedin section3.
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Figurel: SimulationConfiguration

We have usedNS simulatorversion2.1b4g[5] for thesesimulations.The codehasbeenmodifiedto imple-
mentthetraffic conditionerandmulti-color RED (RED_n).

5 Experimental Design

In this study we performfull factorialsimulationsnvolving mary factors:
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Tablel: SimulationConfigurationParameters
Simulation 100s Link betweernCustomersandRouterl:
Time Link Bandwidth 1.5Mbps
TCPWindown 64 paclets OneWay Delay 5 microseconds
IP Packet Size 576bytes Drop Policy DropTalil
UDP Rate 1.28Mbps Link betweerRouterl andRouter2:
QueueSize 60 paclets Link Bandwidth 1.5Mbps
(for all queues) OneWay Delay 30 miliseconds
Link betweenCustomerandUDP/TCPs: FromRouterl To Routerl
Link Bandwidth 10 Mbps Drop Policy RED.n DropTalil
OneWay Delay 1 microsecond Link betweerRouter2 andSinks:
Drop Policy DropTalil Link Bandwidth 1.5Mbps
OneWay Delay 5 microseconds
Drop Policy DropTalil
Table2: Two Color SimulationParameters
SimulationID || GreenRate | Max Drop Probability | Drop Thresholds| GreenBucket Size
{Green,Red {Green,Red (in Paclets)
1-144 12.8kbps {0.1,0.3 {40/60,0/10 1
201-344 25.6kbps {0.1,0.5 {40/60,0/20 16
401-544 38.4kbps {0.1,1 {40/60,0/3 2
601-744 76.8kbps {0.5,0.5 {40/60,20/4Q 32
801-944 102.4kbps {05, 4
1001-1144 | 128kbps 1,1 8
1201-1344 || 153.6kbps
1401-1544 || 179.2kbps
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e GreenTraffic Rates:Greentraffic rateis thetokengenerationateof greenbucketin thetraffic condi-
tioner We have experimentedvith greenratesof 12.8,25.6,38.4and76.8kbpspercustomerThese
ratescorrespondo atotal of 8.5%,17.1%,25.6%and51.2%of network capacity(1.5Mbps).In order
to understandhe effect of greentraffic rate, we alsoconductsimulationswith greenratesof 102.4,
128,153.6and179.2kbpsfor two color cases. Theseratescorrespondo 68.3%,85.3%,102.4%
and119.5%of network capacityrespectiely. Notethatin lasttwo caseswe have oversubscribethe
availablenetwork bandwidth.

e GreenBucketSize:1, 2, 4,8, 16 and32 pacletsof 576 byteseach.

e Yellow Traffic Rate(only for threecolor simulations):Yellow traffic rateis thetokengeneratiorrate
of yellow bucket in thetraffic conditioner We have experimentedvith yellow ratesof 12.8and128
kbpspercustomerTheseratescorrespondo 7.7%and77%of total capacity(1.5Mbps)respectiely.
We useda high yellow rateof 128kbpssothatall excesgout of greenrate) TCP pacletsarecolored
yellow andthuscanbedistinguishedrom excesslUDP pacletsthatarecoloredred.

e Yellow Bucket Size(only for threecolor simulations):1, 2, 4, 8, 16, 32 pacletsof 576 byteseach.

¢ Maximum Drop Probability: Maximum drop probability valuesusedin the simulationsarelistedin
Tables2 and3.

e Drop Thresholddor redcoloredpaclets: Thenetwork resourcesillocatedo red coloredpacletsand
hencethefairnesgesultsdependnthedropthresholdgor red paclets. We experimentwith different
valuesof dropthresholdgor redcoloredpacletssoasto achiere closeto bestfairnesgpossible Drop
thresholddor greenpacletshave beenfixedat {40,6G for bothtwo andthreecolor simulations For
threecolor simulationsyellow paclet dropthresholdsare{20,4G.

In thesesimulations sizeof all queuess 60 pacletsof 576 byteseach.The queueweightusedto calculate
RED averagequeuelengthis 0.002. For easyreferencewe have given an identificationnumberto each
simulation(Tables2 and 3). The simulationresultsare analyzedusing ANOVA techniqued8] briefly
describedn Section8.

6 PerformanceMetrics

Simulationresultshave beenevaluatedbasedon utilization of resered rateshy the customersand the
fairnessachisredin allocationof excesshandwidthamongdifferentcustomers.

Utilization of resered rateby a customelis measuredsthe ratio of green throughpuif the customerand
theresered rate. Greenthroughputof a customeiis determinedby the numberof greencoloredpaclets
receved at the traffic destination(s).Sincein thesesimulations the drop thresholdgor greenpacletsare
keptvery high in the RED queueat Routerl, chance®f a greenpaclet gettingdroppedare minimal and
ideally greenthroughpubf a customeshouldequalits reseredrate.
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Table3: ThreeColor SimulationParameters

Simulation|| Green | MaxDropProbability| Drop Thresholds Yellow Bucket Size
ID Rate {Green,¥¢llow,Red | {Green,¥llow,Red Rate (in Packets)
Green| Yellow
1-720 12.8kbps {0.1,0.5,% {40/60,20/40,0/10 | 128kbps | 16 1
1001-1720|| 25.6kbps {0.1,1,1 {40/60,20/40,0/2p | 12.8kbps| 1 16
2001-2720| 38.4kbps {0.5,0.5,% 2 2
3001-3720| 76.8kbps {0.5,1,1 32 32
{113 4 4
8 8

Thefairnesdn allocationof excesshandwidthamongn customersharingalink canbecomputedisingthe
following formula[8]:

(2371')2
n x 3(z?)

1

Fairness Index =

Wherez; is the excess throughputof the ith customer Excesshroughputof a custometis determinedy
thenumberof yellow andredpacletsreceived atthetraffic destination(s).

7 Simulation Results

Simulationresultsof two andthreecolor simulationsare shavn in Figure2. In this figure, a simulation
is identifiedby its Smulation ID listedin Tables2 and3. Figures2aand2c shav thefairnessachieredin
allocationof excesshandwidthamongtencustomergor eachof thetwo andthreecolorsimulations Figures
2b and2d shaw the utilization of resered rateby eachof tencustomerdor eachsimulation.

It is clearfrom figure 2athatfairnesds notgoodin two color simulations With threecolors,thereis awide

variationin fairnesgesultswith bestresultsbeingcloseto 1. Note thatfairnesds zeroin someof thetwo

color simulations.In thesesimulationstotal reseredtraffic usesall the bandwidthandthereis no excess
bandwidthavailableto share.

As shawvn in Figures2b and2d, thereis awide variationin reseredrateutilization by customersn two and
threecolor simulations.

Figure 3 shavs the resered rate utilization by TCP and UDP customers.For TCP customerswe have
plotted the averageresered rate utilization in eachsimulation. Note that in somecasesresered rate
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Faimess Achieved in Two Color Simulations With Different Reserved Rates
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Figure2: SimulationResults

utilization is slightly morethanone. This is becauseaoken buckets areinitially full which resultsin all
paclets getting greencolor in the beginning. Figures3b and 3d shav that UDP customershave good
resered rateutilization in almostall cases.In contrast,TCP customershav a wide variationin resered
rateutilization.

In orderto determingheinfluenceof differentsimulationfactorsonthereseredrateutilizationandfairness
achieved in excessbandwidthdistribution, we analyzesimulationresultsstatistically using Analysis of
Variation(ANOVA) technique.Thenext sectiongivesa brief inroductionto ANOVA techniqueusedin the
analysisIn latersectionswe presentheresultsof statisticalanalysisof two andthreecolor simulations.
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Reserved Rate Utilization by TCP Customers in Two Color Simulations
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Figure3: Resered RateUtilization by TCPandUDP Customers
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8 Analysis Of Variation (ANOVA) Technique

Theresultsof a simulationareaffectedby the values(or levels) of simulationfactors(e.g. greenrate)and
theinteractions betweerlevels of differentfactors(e.g. greenrateandgreenbucket size). The simulation
factorsandtheir levels usedin this simulationstudyarelisted in Tables2 and3. Analysis of Variation of
simulationresultsis a statisticatechniqueusedto quantifytheseeffects. In this section,we preseni brief
accounbf Analysis of Variation technique More detailscanbefoundin [8].

Analysis of Variation involvescalculatingthe Total Variation in simulationresultsaroundthe Overall Mean
anddoingAllocation of Variation to contrituting factorsandtheir interactions Following stepsdescribehe
calculations:

e Calculatethe Overall Mean of all thevalues.

e Calculatetheindividual effect of eachlevel a of factorA, calledthe Main Effect of a:

Main Effect, = Mean, — OverallMean

where,Main Effect, is the maineffect of level a of factorA, Mean, is the meanof all resultswith a
asthevaluefor factorA andOverall Meanis the overall meanof simulationresultvalues.

Themaineffectsarecalculatedor eachlevel of eachfactor

e CalculatetheFirst Order Interaction betweenlevelsa andb of two factorsA andB respectiely for
all suchpairs:

Interaction , = Mean, ;, — (Overall Mean+ Main Effect, + Main Effect,)

where Interaction ; is theinteractionbetweerlevelsa andb of factorsA andB respectiely, Mean, ;
is meanof all resultswith a andb asvaluesfor factorsA andB, Main Effect, andMain Effect, are
maineffectsof levelsa andb respectiely.

e Calculatethe Total Variation asshavn below:
Total Variation= (result) — (Num_Simsx (Overall Mean?)

where, Y (result) is the sumof squaref all individual resultsand Num_Simsis total numberof
simulations.

e Thenext stepis the Allocation of Variation to individual maineffectsandfirst orderinteractions.To
calculatethe variation causedby a factor A, we take the sumof squaresof the main effects of all
levels of A andmultiply this sumwith the numberof experimentsconductedwith eachlevel of A.
To calculatethe variationcausedy first orderinteractionbetweentwo factorsA andB, we take the
sumof square®f all thefirst-orderinteractiondbetweerevelsof A andB andmultiply this sumwith
the numberof experimentsconductedvith eachcombinationof levels of A andB. We calculatethe
allocationof variationfor eachfactorandfirst orderinteractionbetweerevery pair of factors.
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Table4: Main FactorsinfluencingResered RateUtilizations

Allocation of Variation(in %age)
Factor/Interaction 2 Colors 3 Colors
TCPCustomerg UDP Cusotmer| TCPCustomerg UDP Customer
GreenRate 18.46% 47.86% 10.36% 19.39%
GreenBucket Size 77.14% 22.58% 81.88% 63.22%
GreenRate-
GreenBucket Size 3.65% 28.76% 3.34% 17.39%

9 ANOVA Analysisfor Reserved Rate Utilization

Table4 shaws the Allocation of Variationto contriluting factorsfor resered rate utilizations. As shawvn
in figure 3, resered rate utilization of UDP customerss almostalwaysgoodfor bothtwo andthreecolor
simulations. However, in spite of very low probability of a greenpaclet gettingdroppedin the network,
TCP customersarenot ableto fully utilize their resered ratein all cases.Thelittle variationin resered
rateutilizationsfor UDP customerss explainedlargely by bucket size. Large bucket sizemeanghatmore
pacletswill getgreencolorin the beaginning of the simulationwhengreenbucket is full. Greenrateand
interactionbetweergreenrateandbucket sizeexplain a substantiapartof thevariation. Thisis becaus¢he
definitionof rateutilization metrichasreseredratein denominatarThus,thepartof theutilizationcoming
from initially full bucket getsmoreweightfor low resered ratethanfor high resered rates.Also, in two
color simulationsfor reseredrates153.6kbpsand179.2kbps,the network is oversubscribe@ndhencein
somecasedJDP customethasa reseredrateutilization lower thanone. For TCP customersgreenbucket
sizeis the main factorin determiningresered rate utilization. TCP traffic becausef its bursty natureis
not ableto fully utilize its resered rate unlessbucket sizeis sufficiently high. In our simulations,UDP
customersendsdataat a uniform rateof 1.28 Mbpsandhenceis ableto fully utilize its resered rateeven
whenbucket sizeis low. However, TCP customersanhave very poor utilization of reseredrateif bucket
sizeis not suficient. The minimum sizeof the leaky bucket requiredto fully utilize the token generation
ratedepend®n the burstinesof thetraffic.

10 ANOVA Analysisfor Fairness

Fairnesgesultsshavn in figure 2aindicatethatfairnessn allocationof excessnetwork bandwidthis very
poorin two color simulations.With two colors,excesstraffic of TCP aswell asUDP customerss marked
red andhenceis given sametreatmentn the network. Congestiorsensitve TCP flows reducetheir data
ratein responsdo congestioncreatedby UDP flow. However, UDP flow keepson sendingdataat the
samerateasbefore. Thus, UDP flow getsmostof the excessbandwidthandthe fairnesss poor. In three
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Table5: Main FactorsinfluencingFairnessResultdn ThreeColor Simulations

Factor/Interaction Allocation of Variation
Yellow Rate 77.15%
Yellow Bucket Size 10.78%
Interactionbetweenyellow Rate
andYellow Bucket Size 9.85%

color simulations fairnessesultsvary widely with fairnessbeinggoodin mary cases.Table5 shavs the

importantfactorsinfluencingfairnesdn threecolor simulationsasdeterminedy ANOVA analysis.Yellow

rateis themostimportantfactorin determiningairnessn threecolor simulations With threecolors,excess
TCP traffic canbe coloredyellow andthusdistinguishedrom excessUDP traffic which is coloredred.

Network can protectcongestionsensitve TCP traffic from congestioninsensitve UDP traffic by giving

bettertreatmento yellow pacletsthanto red paclets. Treatmentgivento yellow andred pacletsin the

RED queuesdependson RED parametergdrop thresholdsand max drop probability values)for yellow

andred paclets. Fairnesscanbe achieved by coloring excessTCP pacletsasyellow andsettingthe RED

parameteraluesfor pacletsof differentcolorscorrectly In thesesimulationswe experimentwith yellow

ratesof 12.8kbpsand128kbps. With a yellow rateof 12.8kbps,only a fraction of excessTCP paclets
canbe coloredyellow atthetraffic conditionerandthusresultingfairnessn excessbandwidthdistribution

is not good. However with a yellow rateof 128 kbps,all excessTCP pacletsarecoloredyellow andgood
fairnesds achieved with correctsettingof RED parametersYellow bucket sizealsoexplainsa substantial
portion of variationin fairnessresultsfor threecolor simulations. This is becausédursty TCP traffic can
fully utilize its yellow rateonly if yellow bucket sizeis suficiently high. Theinteractionbetweenyellow

rateandyellow bucket sizefor threecolor fairnessresultsis becausef the factthatminimum size of the

yellow bucket requiredfor fully utilizing theyellow rateincreasesvith yellow rate.

It is evidentthatthreecolorsarerequiredto enableTCP flows geta fairshareof excessnetwork resources.
ExcessTCPandUDP pacletsshouldbe coloreddifferentlyandnetwork shouldtreatthemin suchamanner
soasto achieve fairness.Also, sizeof token buckets shouldbe suficiently high sothatbursty TCP traffic
canfully utilize thetokengeneratiomates.

11 Conclusions

Oneof the goalsof deplo/ing multiple drop precedencéevelsin an AssuredForwardingtraffic classis to
ensureghatall customersachieve their reseredrateanda fair shareof excesshandwidth.

In this study we analyzedthe impactof variousfactorsaffecting the performanceof assuredorwarding.
Thekey conclusionsare:
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1. The key performanceparameteis the level of green(resered) traffic. The combinedresered rate
for all customersshouldbe lessthanthe network capacity Network shouldbe configuredin sucha
mannerso that in-profile traffic (coloredgreen)doesnot suffer ary paclet lossandis successfully
delieveredto thedestination.

2. If theresenredtraffic is overbooled, sothatthereis little excesscapacity two drop precedencegive
thesameperformanceasthree.

3. Thefair allocationof excessetwork bandwidthcanbeachievedonly by giving differenttreatmento
out-of-profiletraffic of congestiorsensitve andinsensitve flows. Thereasoris thatcongestiorsensi-
tive flows reducetheir datarateon detectingcongestiorhowever congestiorninsensitve flows keepon
sendingdataasbefore.Thus,in orderto preventcongestiorinsensitve flows from takingadwantage
of reduceddatarateof congestiorsensitve flowsin caseof congestionexcesscongestionnsensitve
traffic shouldget muchharshettreatmentfrom the network thanexcesscongestiorsensitve traffic.
Hence,|it is importantthatexcesscongestiorsensitve andinsensitve traffic is coloreddifferently so
that network candistinguishbetweenthem. Clearly threecolorsor levels of drop precedenceare
requiredfor this purpose.

4. Classifiershave to distinguishbetweenTCP and UDP pacletsin orderto meaningfullyutilize the
threedropprecedences.

5. RED parameterandimplementationiave significantimpacton the performance.Furtherwork is
requiredto comeup with recommendationfor propersettingof RED parameters.
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