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Abstract

Todays standardnternettransportprotocolimplementationgperform flow and congestioncontrol
separatelyfor eachdatastream,in isolationfrom all otherdatastreams.t is adwantageousn terms
of improving the overall performanceof the datastreamsj.e., the throughputandfairnessio reuse
network informationand—asanextension—tcestablistacommoncongestiorcontrolbetweersome
of thedatastreamsf anendsystem.

In this technicalreport, we describethe designgoalsand explain the algorithmsof a common
congestioncontrol approachfor TCP connectionsalled "ensembleflow congestiormanagement”
(EFCM). In addition, we investigatethe performancegain of the EFCM approachcomparedo the
standardl CP congestiorandflow controlunderdifferentnetwork conditions. Simulationswith the
EFCM approactshav a considerabléncreasan throughputandfairnesswithout increasinghe ag-
gressienessof a setof TCP connectionsthe effect on backgroundraffic is alsoneggligible. The
proposedEFCM controlleralgorithmsareeasyto implementandhave alow additionalcompleity.

Keywords: TCR, CongestiorControl, Flow Control, Network InformationReuseCommonConges-
tion Control
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Chapter 1

Intr oduction

In todays Internet,mostof thedatastreamsareusingthe TCPor UDP transporiprotocols.Oneof the
mostimportantresponsibilitieof atransporprotocolareflow andcongestiorcontrol. A TCPstream
performscongestiorcontrolby slowly increasingts sendingrate,probingthe network’s capacityand
trying to adaptto it in ordernotto overloadthenetwork; in asensea TCPstreamcollectsinformation
aboutthe currentnetwork conditions.For a UDP streamthesetasksareleft to theapplication,since
UDP hasno built-in congestiorandflow control.

For bothtypesof transporprotocols all datastream®f anendsystenmactseparatelandindepen-
dently of eachother This meanghat,for example, TCP datastreamsio not sharetheir information
aboutthe currentnetwork conditionsandUDP datastreamslo notadjusttheir sendingateto thecur
rentnetwork conditionsasdetectedy someTCP datastreams As aresult,the overall performance
of thesedatastreamscanbe suboptimalsincethe performancef eachdatastreamis optimizedonly
by usingits locally availablenetwork information.

Exploiting suchnetwork informationthat canbe presentwithin an end systems protocolstack
andsharingthis informationbetweermmultiple streamsshouldimprove overall performanceThis in-
formationsharingcanhapperonceatthestartof anew datastreanto initialize its flow andcongestion
controlvariableswith moreadequatevalues. This approachs called one-timenetwork information
reuse.As an extension,informationcanbe sharedcontinuouslyamongseveral datastreamsduring
theirwholelifetime in orderto jointly controlthem;this secondapproaclis calledcommonconges-
tion control. Thistechnicalreportfocuseson commoncongestiorcontrol.

Sharingnetwork informationbetweendatastreamscanonly happenamongstreamshatusethe
samenetwork path. Hence,acommoncongestiorapproachs only reasonabléetweerdatastreams
of anendsystemwhich have the samerecever or at leastreceversin the samepartof the network.
Thesedatastreamdorm a (datastream)ensemble The algorithmsthat determinewhich, how, and
when network information amongdifferent datastreamsof an ensemblds sharedform the actual
controllerof acommoncongestiorcontrolapproach.

A commoncongestiorcontrollers job canbe dividedinto two maintasks:First,acommoncon-
gestioncontrollerhasto managethe one-timenetwork information exchangebetweenexisting (or
recentlyclosed datastream®f anensembleanda new datastreamjoining this particularensemble.
This taskis similar to the controllers job in existing purenetwork informationreuseapproachetke
the ensembleor temporalTCP control block interdependencélCBI) [11, 9, 10]. Seconda com-
mon congestiorcontrolleris responsibldor the continuousetwork informationexchangebetween
concurentdatastreamsf anensembleo reacha commoncongestiorcontrolfor this ensemble.
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Thesetwo taskscanbe fulfilled in a numberof differentways. The mainideasand methodsof
the four mostrelevant approachesiave beendescribedn referencd8]. One of theseapproaches,
theensemblel CP (E-TCP)[1], hasbeenidentifiedasa goodbasisfor our new commoncongestion
control approachcalled "ensembleflow congestionrmanagement{EFCM). The E-TCP approach
providesa commoncongestiorcontrolamongTCP connectionof an endsystemin a way thatan
ensemblef n TCP connectionss no moreaggressie to the network thana singleTCP connection.
Network informationis sharedbetweena new TCP connectionandexisting or recentlyclosedTCP
connectionsand betweenconcurrentTCP connections.In addition, for every ensembleghe E-TCP
approachusesa schedulerthat determinesvhich TCP connectionof an ensemblesendsthe next
sgment.A rate-basegacingmechanisntanbeoptionallyusedior TCPconnection®f anensemble.
Theassumptiorthatanentireensemblehouldbeatmostasaggressie asasingleconnectiorappears
very conserative; it is herethat EFCM and E-TCPdiffer most(detailsarepresentedn Chapter2).
We claim thatthe EFCM approaclresultsin considerablg@erformanceyainsat a moderateéncrease
in implementatiorcompleity andonly limited adwerseeffectsonthe network.

Neverthelessmakingcommoncongestiorcontrolapracticalsolutionis still facedwith apractical
challenge:ln a simplecommoncongestiorcontrollerthe IP addresof the recever or the IP subnet
addresof the receversareusedto determineif someTCP connectionsanform an ensembleand
usea commoncongestioncontrol or not. If somemechanismdike NAT or Mobile IP are used,
the IP addressesf the recevers canno longerform the criterionto build an ensemblesincewith
thesemechanismshe IP addressesf thereceversdo notreflectthe currentlocationof therecevers.
Therefore,it might be sometimedifficult or evenimpossibleto find out which TCP connectionsf
an end systemcan form an ensembleand canusea commoncongestioncontrol. Furtherresearch
mustbe doneon this topic to determinethe constraintsand possiblesolutionsfor usinga common
congestiorcontrolin therealInternet.

Theremaindeof thistechnicalreportis organizedasfollows: Thedesigngoalsandalgorithmsof
theEFCM approactareexplainedin Chapter2. Thesealgorithmswereevaluatedoy simulations.The
network topology and simulationscenariosare shavn in Chapter3, appropriateevaluationmetrics
are describedin Chapter4, and Chapter5 presentsand discusseghe simulationresults. Finally,
Chapter6 containgthe conclusiorof thistechnicalreportandgivesanoutlookon our futureresearch
actiities. In Appendix A, a rough estimateof the additionaltime and spaceconsumptionof the
EFCM controllercomparedo standardTCP is given. AppendixB containsboth a descriptionof
the statisticalevaluationmethodaswell asa detailedexpositionof the evaluationresults. Sincethe
EFCM controlleris underdevelopment AppendixC describeshe additionalalgorithmsof the latest
versionof the EFCM controllercomparedo the EFCM controllerdepictedn Chapter2 .
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Chapter 2

EnsembleFlow CongestionManagement
(EFCM)

In Chapterl, the generalconceptof sharingnetwork information betweensomedatastreamshas
beenpresenteduysingthe notion of a controllerthatmanagesheinformationexchange A controller
is anabstracentity which needsto be specifiedfurtherto determinea concretejmplementableand
testabldunctionality Onepossibility of sucha controller the EFCM controller is presentedhere.

2.1 The EFCM designconstraints

Thedesignconstraintof theensembldlow congestiormanagemerdre:

¢ The control algorithmsof the EFCM approachare confinedto a sendingendsystem,i.e., an
endsystemwherethe senderof the datastreamsarelocated.This meanghatexceptfor some
codein thetransporprotocolno adaptationgndadditionalchangeseitherin the network nor
in thereceving endsystem(shave to bedone.

¢ The EFCM approactsupportsstandardransportiayerinterfaces,i.e., soclets. Therefore the
EFCMis transparentor all applicationsandinternetservicesunningon theendsystem.

¢ In contrastotheE-TCPapproachthealgorithmsof theEFCM controllerensurgéhatanensem-
ble of n datastreamsmustbe no moreaggressie to the network thann separatelatastreams
of anendsystem.

¢ Anotherdesignconstraintof the EFCM controlleris a fair sharingof the availablebandwidth
amongthe datastreamsn anensemble.

2.2 The EFCM controller

The currentversionof the EFCM controllerperformsone-timenetwork informationreusefor a new
connectionaswell ascommoncongestiorcontrol betweenconcurrentlyexisting connectionof an
ensemblelt doesnot, however, reusenetwork informationobtainedfrom recentlyclosedTCP con-
nectiong(as,e.g.,temporalTCBI doeg[11]). It alsodoesnot controlUDP datastreamswith network
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informationobtainedrom existing or recentlyclosedT CPconnectionsNo rate-basegacingmecha-
nismis implementedn the currentEFCM controller Mechanismgo implementthesefunctionalities
areunderdevelopment.

2.3 The EFCM jointly controlled TCP variables

TCP usesthefollowing variablesfor congestiorcontrol: congestiorwindow size(cwnd), slow start
thresholdssthresh);oundtrip time (rtt), smoothedoundtrip time (srtt),androundtrip time variance
(rttvar). Thefirsttwo TCPcontrolvariablegestricttheloadasingleTCPconnectiorcansendnto the
network, thelastthreeTCP controlvariabledeadto adequatéimeouttimer valuesfor TCP segments
sendfrom asingleTCP connection.

The EFCM controllerjointly controlsthe congestiorwindow size,the slow startthresholdthe
smoothedround trip time, and the round trip time varianceof TCP connectiondn an ensemble.
Hence the EFCM controllerrestrictstheloadthe TCP connection®f anensembleansendinto the
network andall TCP connectionf an ensemblepbtainthe sameadequatevalue for their timeout
timer.

2.4 The EFCM control algorithms

In thefollowing two paragraphsye describeheproposedilgorithmsof theEFCM controllerfor both
tasksj.e.,initializing newv connectionsindupdatingconcurrentonnectionspf acommoncongestion
controller:

2.4.1 The network information reuseof the EFCM controller for a new TCP connec-
tion

If usefulnetwork informationis availablefor a new TCP connectionthe new TCP connectionwill
reusethis network informationandwill startwith more adequatesaluesfor the load the network
cancopewith andthe timeouttimer value. The algorithmsof the EFCM controllerfor the network
informationreusebetweenexisting TCP connection®f an ensembleanda nev TCP connectionof
the sameensemblaredescribedn thefollowing list:

Congestionwindow size: TheEFCM controllercomputeghe sumof all currentcongestiorwindow
sizesof theexisting TCP connection®f theensemblelusthe standardnitial congestiorwin-
dow size2, representinghe nevw TCP connection.This valueis usedto calculateafair share,
i.e., anarithmeticmeanvalue, of the congestiorwindow sizefor all TCP connectionsn the
ensembleAt thebeginningof anew TCP connectionall TCP connection®f theensemblget
this congestiorwindow sizefair shareastheir new congestiorwindow size.

Slow start threshold: The EFCM controllercomputegshesumof all currentslow startthresholdsf
the existing TCP connection®f the ensembleplus the standardnitial slow startthreshold64,
representinghe new TCP connection.This valueis usedto calculatea fair shareof slow start
thresholdfor all TCP connectionsn theensembleAt thebeginningof anen TCP connection,
all TCP connection®f the ensembleare assignedhis slow startthresholdfair shareastheir
new slow startthreshold.
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Smoothedround trip time: TheEFCM controlleruseghecurrentvalueof anaggrgatedsmoothed
roundtrip time of the existing TCP connection®f anensemblesthe initial smoothedound
trip time of the new TCP connection. If the nev TCP connectionis the only streamin its
ensembleghenthe initial smoothedroundtrip time of the new TCP connectionis setto the
standardsalue.

Round trip time variance: The EFCM controllerusesthe currentvalueof anaggr@atedroundtrip
time varianceof the existing TCP connectionf an ensembleas the initial roundtrip time
varianceof the nev TCP connection. If the new TCP connectionis the only streamin its
ensemblehenthe initial roundtrip time varianceof the nev TCP connectionis setto the
standardsalue.

Sincein the currentEFCM controller no ratepacingfor a nev TCP connectioris implementedthe
first TCP sggmentsof every new TCP connectiorwill besentin a burst.

2.4.2 The common congestioncontrol of the EFCM controller for concurrent TCP
connections

Wheneer astandardr CPimplementatiorwould changehevalueof oneof thecommonlycontrolled
variablesof aconnectionEFCM useghis changeo triggerupdatego thethesevariabledor all other
connectionsvithin the sameensembleaccordingo thefollowing rules:

Congestionwindow size: After every changeof the congestiorwindow size of oneof the existing
TCP connectionsn anensemblean aggreatedcongestionwindow sizefor this ensemblas
computedby addingall currentcongestiorwindow sizesof the TCP connectionsn theensem-
ble. This valueis usedto calculatea fair shareof congestiorwindow size. This congestion
window sizefair shareis the new congestiorwindow sizeof every TCP connectionin anen-
semble.

Slow start threshold: After every changeof the slow startthresholdof one of the existing TCP
connectionsn anensemblean aggrgatedslow startthresholdfor this ensemblds computed
by addingall currentslow startthresholdof the TCP connectionsn theensembleThis value
is usedto calculateafair shareof slow startthreshold.Thisvalueis thenew slow startthreshold
of every TCP connectiorin anensemble.

Smoothedround trip time: After every changeof the smoothedroundtrip time of one of then
TCP connectionsn anensemblean aggrgatedsmoothedoundtrip time of this ensemblas
updatedy aweightedcalculationof (n — 1) /n timesthelastvalueof theaggregatedsmoothed
roundtrip time plus1/n timesthe new smoothedoundtrip time. All TCP connectionsn an
ensemblgget this calculationresult of the smoothedround trip time astheir nev smoothed
roundtrip time.

Round trip time variance: After every changeof the roundtrip time varianceof oneof then TCP
connectionsn anensembleanaggrgatedroundtrip time varianceof this ensemblés updated
by aweightedcalculationof (n — 1)/n timesthe lastvalue of the aggr@atedroundtrip time
varianceplus1/n timesthenew roundtrip time variance All TCP connectionsn anensemble
getthis calculationresultof the roundtrip varianceastheir new roundtrip time variance.
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If oneof the TCP connectionsn an ensemblds affectedby a paclet loss, all TCP connectionsof
the ensemblewill fairly reducetheir congestiorwindow size and slow startthresholdto the nen
calculatedvalues.This maintainghe congestiorcontrol of standardr CPif the pacletlossis caused
by congestiorin the network.

If a TCP connectioneavesthe ensembleij.e., the TCP connectiorhasbeenclosed,the current
aggr@atedcongestiorwindow sizeandthe currentaggrgatedslow startthresholdarefairly shared
amongthe remainingTCP connectionsn theensemble.

Sincethe currentEFCM controllerhasno built-in rate pacing,someof the concurrenfTCP con-
nectionsof the ensemblecanexhibit bursty sendingbehaior. For example,one TCP connectionof
an ensemblds waiting for acknavledgmentswhile otherconnection®f the sameensembleaeceve
acknavledgmentsconsequentlyncreasinghe aggreatedcongestiorwindow sizeandthefair share
of the congestiorwindow size. If the waiting TCP connectiondoesreceve an acknavledgment,it
sendghenow permitted Jarger numberof nev TCP segmentsin a burst.

Evidently theseEFCM computationdmposesomeoverheadin time and space. A rough esti-
mateof the additionaltime and spacecompleity of EFCM comparedo standardTCP is givenin
AppendixA.
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Chapter 3

Simulation Model

Evaluatingthe throughputandfairnesggain of the EFCM approachis doneby simulations.The net-
work topologyfor thesesimulationds intendedo reflectcommonclient-serer architecturesn which
theclientendsystemsi.e. therecevers,obtaininformationfrom applicationgunningonthe (option-
ally) EFCM-controlledsener endsystem|.e., the (EFCM) endsystem.In typical Internetsetupsa
seneris connectedo anlSP’s backbonenetwork with a high-bandwidthreliablelink. Typical client
endsystemsreconnectedia networkswith smallerbandwidthse.g.,DSL linesor low-speed_ANs.
Thesenetworkscanbebothreliableor, in caseof modernwirelessLAN installationsunreliable.The
backbonenetwork itself hasa bandwidth-delayproductvarying over time dependingon its current
load. We choseour simulatednetwork topologywith regardto thesepropertiesof the Internet.

In additionto the network topologythereareotherfactorsthatinfluencethe performanceof the
EFCM approach.e.g., the numberof TCP senderinstancesn the (EFCM) end system,the type
of applicationsrunning on the (EFCM) end system,the roundtrip time betweenthe (EFCM) end
systemandtherecever(s),the paclet lossratein the links betweerthe (EFCM) endsystemandthe
recever(s),thebackgroundraffic loadin the path(s)from the (EFCM) endsystento therecever(s),
andthe maximumsegmentsize (MSS) of TCP connections.For eachof thesefactorsa reasonable
subsebf valuesmustbe definedandfor every combinationof parametesettingsstandardlr CP must
be comparedwith the EFCM approachto reacha completeperformancesvaluationof the EFCM
approach.

In this technicalreport, we considerone specific network model with a reasonablechoice of
parameters.This modelis describedin detail in the following Section3.1; the load modelsare
containedn Section3.2.

3.1 Simulated network topology

The performanceevaluationof the EFCM approachusesa simulatednetwork topology shavn in
Figure3.1. The simulationnetwork topology consistsof several TCP senderqS1,..., S3andBS1,
BS2)andTCPrecevers(R1,..., R3andBR1, BR2),two routersandoneEthernet-typd. AN onthe
sendeiside. The sendelLAN is characterizedby a bit rate of 100 Mbpswith andpropagatiordelay
of 0.5 us. Theroutersareconnectedia links with a bit rateof 100 Mbpsanda propagatiordelayof
10ms,30 ms,or 50 ms. For eachincominglink theroutershave aqueuingcapacityof 20 1P paclets.
Togetherwith the givenloadin this tiny simulationmodelsomepaclet lossesn the routerscanbe
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(EFCM) end system

BR1
‘ 0.25ms 0.25 ms
100 Mbps 100 Mbps 10 Mbps
0.5ps DC 10/30/50 mg DC 0.5us (W)LAN

"Internet”

Figure3.1: Structureof the simulatednetwork topology

obseredwith thisrelatively smallqueuingcapacity

The TCPsendersS1,S2,andS3arelocatedin anendsystemwhich is optionally equippedwith
an EFCM controller The otherTCP senderd8S1andBS2 arelocatedin differentendsystemsand
generatdackgroundraffic.

The endsystemof the backgroundraffic TCP sendeiBS2is connectedo the network via links
with a bit rateof 100 Mbps anda propagatiordelayof 0.25ms. The endsystemof the background
traffic TCP sendeiBS1andthe EFCM endsystemareconnectedo the network via the sendelLAN.
Theendsystemof the TCPreceversR1, R2,andR3 andthe backgroundraffic TCPrecever BR2
areconnectedo the network via thereceiver LAN.

Therecever LAN consistof anEthernet-typesharednediumwith anoverallbit rateof 10 Mbps
andapropagatiordelayof 0.5 us. Thepacletlossratein therecever LAN is adjustabldo investigate
theinfluenceof differentpaclet lossprobabilitiesin thelasthop of a TCP connectioron the overall
throughputof the TCP connectionsHence with thisrecever LAN eitherareliable(wired) Ethernet
or anunreliablewirelessLAN canbe modeled.In thewired lasthop scenariono errorsoccurin the
recever LAN; in thewirelessLAN casepacletscanbelostwith afixedpacletlossrateof 5 percent.

In summarythe chosermparametewaluesshouldrepresentypical Internetscenariogairly well.
It would be particularlyinterestingconsiderthe impactof variousvaluesfor e.g.theroundtrip time,
themaximumsizeof TCPsaymentsandthepacletlossrateasimportantfactorsfor theperformance
gain of EFCM. This technicalreportconcentrate®n varying the roundtrip time; otherparameters
arekeptconstant.

3.2 Traffic load models

Properlycharacterizingraffic loadsfor interactie Internetusersis a difficult undertaking.Iln order
to represensomemixture of differentapplicationswe decidedto usetwo differentclassesof TCP-
basedapplicationsto generatdraffic. The first classconsistsof short TCP connectionswith five
sgmentsto send. This classcan be usedto model, for example, shortrepliesto searchrequests
like a MP3 musicpiecesearchor the contentof afile directoryin an FTP sener. The secondclass
includesTCPconnectionsvhosenumberof sgmentgo sends determinedy aWWW traffic model
[7]. Thistraffic modelis derived from real HTTP tracesin corporateandeducationakrvironments
and usesthreeabstractiorlevels: The sessionevel, the pagelevel, andthe paclet level. Here,a
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simplified versionof this WWW traffic modelis usedwhich consistsonly of the first two levels.

In every WWW sessiora log-normally distributed numberof WWW pageswith Pareto-distrilited

pagesizesaresent. Thetime betweerthe pagesij.e., theinter-connectioror readingtime, is gamma
distributed. The load in the network canbe easily adjustedby usingthe exponentiallydistributed

sessioninterarrival time with a differentparameter The inter-connectiontime of TCP connections
derived from the first applicationclasswith short TCP connectionss alsogammadistributed. The

distributionsandparametershoserfor the stochasticvariablesof the simplified WWW traffic model

areshavn in Table3.1.

Table3.1: Distributionsandparametersor the stochastiovariablesof the simplified WWW model

| Stochasticariable | Distribution | Distribution parameter(s) |
| Intersessiortime | Exponential | p=50s |
Pagespersession Lognormal u = 25.807 pps
(pps) o = 78.752 pps
Interpagetime Gamma uw= 35.286s
(readingtime) o =147.390 s
Pagesize Pareto a=1.7584
B = 30458 Bytes

The TCP senderf the (optionally) EFCM-equippecdend systemuseboth applicationclasses:
one TCP senderonly opensshort TCP connectionsthe othertwo TCP sendersuse WWW TCP
connections.

Thetraffic of all backgroundr CP senderss modeledby the secondapplicationclasswith mod-
ified interconnectiontime and sessioninterarrival time distributions, where TCP connectionsare
immediatelyrestartedbncethey have terminated.This is doneto reacha higherloadin the network
with thesefew backgroundraffic TCP senders.

Thewhole simulationmodelis implementedn ns-2(version2.1b8a)[2]. For all standardlCP
connectionsthe ns-2 implementationof a TCP Newreno [3] senderor recever, respectrely, is
used. The TCP connectionsof the (EFCM) end systemare instancesof a nev TCP senderclass
(EFCM_TCP) derived from the ns-2implementatiorof a TCP Newrenosendef? This new TCP
senderclassprovidesadditionalnetwork informationreuseandcommoncongestiorcontrolmecha-
nismsbetweerthe TCP connection®f anEFCM ensembleandsomestatisticalperformancevalua-
tion methods.

The currentns-2 implementationof the TCP Newreno senderand the TCP receier doesnot perform the connec-
tion setup/teardan of a TCP connection.In future investigationsof the EFCM approachalsothe influenceof the TCP
connectiorsetup/tearden protocolmechanismon the overall throughputof a TCP connectiorwill beconsidered.

2The pagesizesin bytesof the senderss corvertedinto pagesizesin maximumsementsizes(MSSs)by usingthe
ceil-functionof C++. Dueto a smallbugin the simulationprogram the pagesizein MSSsof backgroundraffic senderl
(BS1)is equalor atmostonesmallerthanthe pagesizesof the othersenders.
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Chapter 4

Evaluation Metric

In eachsimulatedscenaricandfor all nev TCP connectionghe meanthroughput,the meaninitial
congestiorwindow size,the meaninitial slow startthreshold,the meaninitial smoothedroundtrip
time, and the meaninitial roundtrip time varianceare comparedbetweenthe standardTCP and
the EFCM controller In addition,alsoa fairnessindex betweenconcurrenfTCP connectionf an
EFCM ensemblds usedto comparestandardl CP with the EFCM approachif n TCP connections
are establishedn parallelfor a periodof time andreachthe meanthroughputs;, 1 < i < n, in
this period of time, thenfor theseTCP connectionsa fairnessindex for this period of time canbe
computedasfollows [5]:

n 2

(Z ti) 1

= % with — (verybad)< Iy <1 (excellent)

n- "
i=1

A fairnessindex of 1/n denotesthat one of the n concurrentTCP connectiongetsthe entire
availablebandwidthwhile a fairnessndex of 1 meanghatall n concurrenfTCP connectiongetthe
sameportion of the availablebandwidth.

Only those TCP connectionsare consideredn the comparisonshavn in the following tables
which eitherarecontrolledby the EFCM approacthor arenotcontrolledbut couldbecontrolledby the
EFCM approachasat leastoneconcurrenfTCP connectiorto the samelL AN is alreadyestablished
andusefulinformationaboutthe network is available). TheseTCP connectionsare called EFCM-
capablerCP connectionsin generalthe percentagef EFCM-capablel CP connectionslepend®n
thetype of the EFCM endsystem.For example,the numeroust CP connection®of alarge WWW or
proxy sener have a higherprobability of usingthe EFCM approachthanthe few TCP connections
of an ordinary end system. In order not to reflect this dependengc in the evaluation, the metric
computationsvererestrictedto the EFCM-capabler CP connectionsaandare henceindependenof
the endsystems type. The overall performancef the EFCM approacton thethroughputof all TCP
connectionsanthenbe approximatedy usingthe shareof the EFCM TCP connection®f all TCP
connection®f the EFCM endsystem.

To comparestandardr CPwith theEFCM controller two differentmeanthroughputomputations
for the EFCM-capablel CP connection®f thetwo applicationclassesareused.If oneof theseTCP
connectionshassents segmentsin durationd, thenthe two meanthroughputcalculationswork as
follows:
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e Computationof the overall meanthroughput(7';): The sum of sentsegmentsof all n TCP
connectionss divided by the overall durationof theseT CP connectionsi.e.:

M
&

~
Il
—

T, =

s
&

@
I
-

e Computationof the connection-orientedheanthroughput(7’,): For eachof thenn TCP con-
nectionsa meanthroughputt is calculated. All thesemeanthroughputvaluesare thenused
to computethe overall meanthroughputof the TCP connectionsy a normal non-weighted
arithmeticmeancalculationindependenbf the numberof sggmentssentby eachof the TCP
connectionsi.e.:

The former throughputcalculationis the moreimportantone, sincewith this throughputmetric the
overall throughputof the different TCP controllerscanbe evaluated. The latter calculationgivesa
connection-orienttmeanthroughputwhich canbe understoodisthe meanthroughputa single TCP
connectiorcanexpect.
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Chapter 5

Simulation Results

5.1 Overview

The samesimulationswere performedwithout andwith the EFCM controllerin a network scenario
with 10 ms, 30 ms, or 50 ms delaybetweenthe two routers. The lasthopwaseitherreliableor had
a paclet lossrate(PLR) of 5 %. The simulationresultsfor thesesimulationscenariosare shavn in
detailin the next sectionsandsummarizecginddiscussect the endof this chapter

In every following table, TCP 1 is ashortTCPconnectiorandTCP2 andTCP 3 areWWW TCP
connection®f the (EFCM) endsystem.The simulationresultsof onesimulationscenaricshavn in
the tablesare averagesover tenindependensimulationrunsfor the respectie simulationscenario.
Both statedmeanthroughputmetrics(T';, T5) of the EFCM-capabler CP connectionsiremeasured
in TCP segmentspersecondjn every TCP sggment,the payloadlengthis setto 1000bytes. For the
new TCP connectiongnteringanensemblalsothe meaninitial congestiorwindow size(cwnd), the
meaninitial slow startthreshold(ssthresk the meaninitial smoothedroundtrip time (srtt), andthe
meaninitial roundtrip time variance(rttvar) are shavn. For the concurrenfTCP connectionf an
ensembldothmeanthroughputmetrics(T';, T's) andthe meanfairnessndex (I ;) areshawn.

ThelastcolumnA in thefollowing tablesdenotesvhetherthe simulationresultsarestatistically
significantly differentor not. A '+ or - denotesthat the EFCM controller or standardTCP is
significantlybetter A '=" meanghatwith the simulationresultsno significantdifferencebetweerthe
EFCM andthe standardl CP controllercanbe concluded.The detailsof the statisticalevaluationof
the simulationresultscanbefoundin AppendixB of thistechnicalreport.

For standardTCP connectionghe meaninitial smoothedroundtrip time and the meaninitial
roundtrip time variancearenotapplicable(N/A) for thecomputatiorof theinitial timeouttimer, i.e.,
theinitial timeouttimer is setto thefixedstandardsalue.

For all simulationscenarioghe differentTCP controllers(standardTCP/noEFCM, EFCM) are
investigatedor a simulatedtime of 250000s in eachsimulationrun. In this simulatedtime approx-
imately 22150TCP connectionsstartingat the (EFCM) end systemcanbe obsered. Only someof
them,i.e., thoseTCP connectionsvhich have concurrenfT CP connectionsare controlledor could
be controlledby the nev network information reuseand commoncongestioncontrol mechanisms
provided by the EFCM controller In the simulationmodelandwith the chosentraffic load model
the percentag@®f concurrenfTCP connectionss relatively low. For example,an averagecomputa-
tion over all simulationswith a routerrouterdelayof 10 ms shavs thatapproximately4.3 % of the
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nev TCP connectionsn the reliable last hop scenariosand approximately9.1 % of the new TCP
connectionsn theunreliablelasthopscenariosrecontrolledor could be controlledby the EFCM.

In all simulationswith the EFCM controllerand with the obsered occurrenceof having con-
currentTCP connectionghe meanthroughputof the backgroundr CP connectionsgs not negatively
affectedby theseEFCM-controlledT CP connectionsThereforethe EFCM-controlledT CP connec-
tionsareno moreaggressie to the network thanstandardl CP connections.
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5.2 Scenariol: 10 msrouter-router delay, reliable last hop

Table 5.1 shavs the simulationresultsfor nev TCP connectiongenteringan ensemble.Compared
to standardl' CP, new shortTCP connectiondenefitfrom the EFCM controllerwith a large gain of
approximatelyb1 % for the overall meanthroughputandof approximately28 % for the connection-
orientedmeanthroughput.New WWW TCP connectionslightly benefitfrom the EFCM controller
with againof approximatel\8 % for the overall meanthroughputtomparedo standardlr CP. For the
connection-orienttmeanthroughputhe standardr CP andthe EFCM controllerachiere almostthe
sameresultsfor new WWW TCP connections

Table5.1: Simulationresultsof Scenaridl (nev TCPconnections)— T is theoverallmeanthrough-
put, T, is the connection-orienttmeanthroughput A denoteshe statisticalsignificanceof the sim-
ulationresults('+': EFCM controlleris significantly better '=": no significantdifferencebetween
standardfCPandEFCM controller -': standardl CPis significantlybetter)

| NoEFCM | EFCM | A |

T of new TCP1 11.41 17.26 +
TCPconnections | TCP2 68.68 70.80
[segments/second] TCP3 70.80 72.96

T of anew TCP1 25.03 31.94 +

TCPconnection | TCP2 84.66 85.29 =

[segments/second] TCP3 85.23 86.00 =
cwndof anew TCP1 2.00 11.41
TCPconnection | TCP2 2.00 8.51

[segments] TCP3 2.00 8.42
ssthreslof anev | TCP1 64.00 63.16
TCPconnection | TCP2 64.00 63.23

[segments] TCP3 64.00 63.49

sritof anew TCP1 N/A 7.44
TCPconnection | TCP2 N/A 6.21
[ns-2time unit] TCP3 N/A 6.18
rttvar of anew TCP1 N/A 3.88
TCPconnection | TCP2 N/A 3.22
[ns-2time unit] TCP3 N/A 3.24

Table5.2shavsthesimulationresultsfor concurreniTCP connection®f anensembleCompared
to standardl CP the EFCM controller producesa slight degradationof approximatelyd % for both
throughputmetrics. Theseresultsshav that concurrentEFCM-controlledTCP connectionsare no
more aggressie to the network in termsof bandwidthconsumptiorthan concurrentstandardT CP
connectionsThehugefairnessmprovementof the EFCM controllerfor concurrenfTCPconnections
is remarkable.
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Table5.2: Simulationresultsof Scenariol (concurrenfTCP connections)— T'; is the overall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 60.29 58.08 =
[segments/second]
T, of aconcurrent

TCPconnection 50.80 49.03 —
[segments/second]

I of concurrent
TCPconnections | 0.7937 0.9390 +
I
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5.3 Scenario2: 10 msrouter-router delay, unreliable last hop

Table 5.3 shavs the simulationresultsfor new TCP connectiongenteringan ensemble.Compared
to standardTCR, the EFCM controller achiazes a huge gain for the overall meanthroughputfor
bothnew short(116 %) andnew WWW TCP (57 %) connectionsFor the connection-orientethean
throughputhe EFCM controllerachiaresagainof approximately® % for new shortTCPconnections
andof approximately? % for new WWW TCP connections.

Table5.3: Simulationresultsof Scenari® (nev TCPconnections)— T is theoverallmeanthrough-
put, T, is the connection-orienttmeanthroughput A denoteshe statisticalsignificanceof the sim-
ulationresults('+': EFCM controlleris significantly better '=": no significantdifferencebetween
standardfCPandEFCM controller -': standardl CPis significantlybetter)

| NoEFCM | EFCM | A |

T, of new TCP1 5.24 11.34 +

TCPconnections | TCP2 33.95 53.45 +

[segments/second] TCP3 34.52 53.83 +

T of anew TCP1 57.74 63.05 +

TCPconnection | TCP2 93.41 99.51 +

[segments/second] TCP3 92.97 99.46 +
cwndof anew TCP1 2.00 4.31
TCPconnection | TCP2 2.00 3.85
[segments] TCP3 2.00 3.91
ssthreslof anev | TCP1 64.00 45.06
TCPconnection | TCP2 64.00 50.22
[segments] TCP3 64.00 50.06
sritof anew TCP1 N/A 2.62
TCPconnection | TCP2 N/A 2.25
[ns-2time unit] TCP3 N/A 2.27
rttvar of anew TCP1 N/A 1.26
TCPconnection | TCP2 N/A 1.07
[ns-2time unit] TCP3 N/A 1.09

Table 5.4 shaws the simulationresultsfor concurrentTCP connectionsf an ensemble.Com-
paredto standardTCP, the EFCM controllerachieres a large gain of the overall meanthroughput
of approximately31 % anda gain of the connection-orienté throughputof approximately8 % for
concurrenfTCP connectionsFor concurrenfTCP connection®nly a slight fairnessmprovementof
the EFCM controllercanbe obsered.
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Table5.4: Simulationresultsof Scenaria? (concurrenfTCP connections)— T'; is the overall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 37.69 49.44 +
[segments/second]
T, of aconcurrent

TCPconnection 70.83 76.69 +
[segments/second]

I of concurrent
TCPconnections | 0.8013 0.8229 +

I
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5.4 Scenario3: 30 msrouter-router delay, reliable last hop

Table 5.5 shaws the simulationresultsfor nev TCP connectiongenteringan ensemble.Compared
to standardl' CP, new shortTCP connectiondenefitfrom the EFCM controllerwith a large gain of
approximately66 % for the overall meanthroughputandof approximately5 % for the connection-
orientedmeanthroughputNew WWW TCP connectionslsobenefitfrom the EFCM controllerwith
a gain of approximately20 % for the overall meanthroughputand of approximatelyl7 % for the
connection-orienttmeanthroughputcomparedo standardrCP.

Table5.5: Simulationresultsof Scenari® (new TCPconnections}— T istheoverallmeanthrough-
put, Ty is theconnection-orienttmeanthroughput A denoteghe statisticalsignificanceof the sim-
ulationresults('+': EFCM controlleris significantly better '=": no significantdifferencebetween
standardrCPandEFCM controller ’-": standardl CPis significantlybetter)

| NoEFCM | EFCM | A |

T of new TCP1 8.90 14.81 +

TCPconnections | TCP2 39.55 47.11 +

[segments/second] TCP3 38.89 47.14 +

T4 of anew TCP1 16.56 23.94 +

TCPconnection | TCP2 52.62 61.25 +

[segments/second] TCP3 51.47 61.00 +
cwndof anew TCP1 2.00 9.16
TCPconnection | TCP2 2.00 7.17
[segments] TCP3 2.00 7.08
ssthrestof anew | TCP1 64.00 54.43
TCPconnection | TCP2 64.00 56.83
[segments] TCP3 64.00 56.69
srttof anew TCP1 N/A 12.83
TCPconnection | TCP2 N/A 11.07
[ns-2time unit] TCP3 N/A 10.87
rttvar of anew TCP1 N/A 6.47
TCPconnection | TCP2 N/A 5.66
[ns-2time unit] TCP3 N/A 5.55

Table5.6shavsthesimulationresultsfor concurreniTCPconnection®f anensembleCompared
to standardTCP, the EFCM controller achieves a gain of the overall meanthroughputof approxi-
mately12 % anda gainof the connection-oriemd throughputof approximatelyl1 % for concurrent
TCP connections.The hugefairnessmprovementof the EFCM controllerfor concurrenfTCP con-
nectionsis remarkable.
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Table5.6: Simulationresultsof Scenaria3 (concurrenfTCP connections)— T'; is the overall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 32.23 36.10 +
[segments/second]
T, of aconcurrent

TCPconnection 31.99 35.44 +
[segments/second]

I of concurrent
TCPconnections | 0.8375 0.9133 +

I
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5.5 Scenario4: 30 msrouter-router delay, unreliable last hop

Table 5.7 shaws the simulationresultsfor nev TCP connectiongenteringan ensemble.Compared
to standardl' CP, new shortTCP connectiondenefitfrom the EFCM controllerwith a large gain of
approximately87 % for the overall meanthroughputandof approximatelyl8 % for the connection-
orientedmeanthroughputNew WWW TCP connectionslsobenefitfrom the EFCM controllerwith
a large gain of approximately55 % for the overall meanthroughputandof approximatelyl 3 % for
the connection-orientetheanthroughputcomparedo standardrCP.

Table5.7: Simulationresultsof Scenarict (new TCPconnections}— T istheoverallmeanthrough-
put, Ty is theconnection-orienttmeanthroughput A denoteghe statisticalsignificanceof the sim-
ulationresults('+': EFCM controlleris significantly better '=": no significantdifferencebetween
standardrCPandEFCM controller ’-": standardl CPis significantlybetter)

| NoEFCM | EFCM | A |
T of new TCP1 5.18 9.68 +
TCPconnections | TCP2 26.70 41.09 +
[segments/second] TCP3 26.25 40.79 +
T, of anew TCP1 25.31 29.98 +
TCPconnection | TCP2 53.47 61.23 +
[segments/second] TCP3 54.16 60.48 +
cwndof anew TCP1 2.00 4.28
TCPconnection | TCP2 2.00 3.86
[segments] TCP3 2.00 3.82
ssthrestof anev | TCP1 64.00 44.06
TCPconnection | TCP2 64.00 49.20
[segments] TCP3 64.00 48.71
srttof anew TCP1 N/A 5.91
TCPconnection | TCP2 N/A 5.17
[ns-2time unit] TCP3 N/A 5.22
rttvar of anew TCP1 N/A 1.87
TCPconnection | TCP2 N/A 1.76
[ns-2time unit] TCP3 N/A 1.76

Table5.8shavsthesimulationresultsfor concurreniTCPconnection®f anensembleCompared
to standardl CR, the EFCM controllerachievesalarge gainof theoverallmeanthroughpuof approx-
imately 35 % andagainof theconnection-orientbthroughputof approximatelyl6 % for concurrent
TCP connectionsThe EFCM controllersignificantlyimprovesthe fairnessbetweerconcurrenfTCP
connections.
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Table5.8: Simulationresultsof Scenario4 (concurrenfTCP connections)— T'; is the overall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 27.61 37.16 +
[segments/second]
T, of aconcurrent

TCPconnection 37.53 43.42 +
[segments/second]

I of concurrent
TCPconnections | 0.8178 0.8515 +

I
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5.6 Scenario5: 50 msrouter-router delay, reliable last hop

Table 5.9 shaws the simulationresultsfor nev TCP connectiongenteringan ensemble.Compared
to standardl' CP, new shortTCP connectiondenefitfrom the EFCM controllerwith a large gain of
approximately70 % for the overall meanthroughputandof approximatelys0 % for the connection-
orientedmeanthroughputNew WWW TCP connectionslsobenefitfrom the EFCM controllerwith
alarge gain of approximately29 % for the overall meanthroughputandof approximately24 % for
the connection-orientetheanthroughputcomparedo standardrCP.

Table5.9: Simulationresultsof Scenaric (new TCPconnections}— T istheoverallmeanthrough-
put, Ty is theconnection-orienttmeanthroughput A denoteghe statisticalsignificanceof the sim-
ulationresults('+': EFCM controlleris significantly better '=": no significantdifferencebetween
standardrCPandEFCM controller ’-": standardl CPis significantlybetter)

| NoEFCM | EFCM | A |
T of new TCP1 7.55 12.82 +
TCPconnections | TCP2 29.83 39.59 +
[segments/second] TCP3 30.78 38.52 +
T, of anew TCP1 12.60 18.96 +
TCPconnection | TCP2 40.30 50.45 +
[segments/second] TCP3 41.19 50.64 +
cwndof anew TCP1 2.00 8.53
TCPconnection | TCP2 2.00 7.07
[segments] TCP3 2.00 7.07
ssthrestof anew | TCP1 64.00 54.46
TCPconnection | TCP2 64.00 56.39
[segments] TCP3 64.00 56.49
srttof anew TCP1 N/A 16.15
TCPconnection | TCP2 N/A 14.50
[ns-2time unit] TCP3 N/A 14.16
rttvar of anew TCP1 N/A 7.07
TCPconnection | TCP2 N/A 6.44
[ns-2time unit] TCP3 N/A 6.29

Table5.10shaws the simulationresultsfor concurrenfTCP connection®f an ensemble Com-
paredo standardl CP, theEFCM controllerachievesagainof theoverallmeanthroughpubf approx-
imately 13 % andagainof theconnection-orientbthroughputof approximatelyl2 % for concurrent
TCP connections.The hugefairnessmprovementof the EFCM controllerfor concurrenfTCP con-
nectionsis remarkable.
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Table5.10: Simulationresultsof Scenarid (concurrenfTCP connections}— T'; is theoverall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 25.50 28.70 +
[segments/second]
T, of aconcurrent

TCPconnection 25.04 28.16 +
[segments/second]

I of concurrent
TCPconnections | 0.8416 0.9207 +

I
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5.7 Scenario6: 50 msrouter-router delay, unreliable last hop

Table5.11shaws the simulationresultsfor nev TCP connectiongnteringan ensemble Compared
to standardl' CP, new shortTCP connectiondenefitfrom the EFCM controllerwith a large gain of
approximately81 % for the overall meanthroughputandof approximatelyl8 % for the connection-
orientedmeanthroughputNew WWW TCP connectionslsobenefitfrom the EFCM controllerwith
a large gain of approximately54 % for the overall meanthroughputandof approximatelyl9 % for
the connection-orientetheanthroughputcomparedo standardrCP.

Table 5.11: Simulationresultsof Scenario6 (new TCP connections)— T is the overall mean
throughput, T is the connection-orientedneanthroughput,A denotesthe statisticalsignificance
of the simulationresults('+': EFCM controlleris significantlybetter '=": no significantdifference
betweerstandardf CPandEFCM controller -': standardl CPis significantlybetter)

noEFCM| EFCM | A |
T of new TCP1 4.79 8.65 +
TCPconnections | TCP2 21.20 32.33 +
[segments/second] TCP3 20.95 32.711 +
T4 of anew TCP1 16.66 19.71 +
TCPconnection | TCP2 36.88 43.72 +
[segments/second] TCP3 36.90 43.87 +
cwndof anew TCP1 2.00 4.17
TCPconnection | TCP2 2.00 3.85
[segments] TCP3 2.00 3.83
ssthrestof anev | TCP1 64.00 43.68
TCPconnection | TCP2 64.00 48.27
[segments] TCP3 64.00 48.78
srttof anew TCP1 N/A 9.41
TCPconnection | TCP2 N/A 8.38
[ns-2time unit] TCP3 N/A 8.36
rttvar of anew TCP1 N/A 2.58
TCPconnection | TCP2 N/A 2.51
[ns-2time unit] TCP3 N/A 2.56

Table5.12 shavs the simulationresultsfor concurrenfT CP connection®f an ensemble. Com-
paredto standardTCP, the EFCM controllerachiezes a large gain of the overall meanthroughput
of approximately34 % and a gain of the connection-oriemid throughputof approximatelyl9 %
for concurrenfTCP connections.The EFCM controllersignificantlyimprovesthe fairnessbetween
concurrenfTCP connections.
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Table5.12: Simulationresultsof Scenarids (concurrenfTCP connections}— T'; is theoverall mean
throughputT’; is the connection-orientetheanthroughput/ ; is themeanfairnessndex, A denotes
the statisticalsignificanceof the simulationresults(’+: EFCM controlleris significantlybetter ="
no significantdifferencebetweenstandardT CP and EFCM controller ’-’: standardT CP is signifi-
cantlybetter)

| NoEFCM | EFCM | A |

T of concurrent

TCPconnections 21.18 28.45 +
[segments/second]
T, of aconcurrent

TCPconnection 24.95 29.78 +
[segments/second]

I of concurrent
TCPconnections | 0.8288 0.8599 +

I
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5.8 Summary and discussion

Evidently the benefitsanddisadwantageof a ajoint congestiorcontroldependo alarge degreeon
the systemscenario.To summarize:

¢ Reliable last hop scenario: In all consideredscenarioswith a reliable last hop, for new
short TCP connectionghe EFCM controllerachiezesa considerablgyainin the overall mean
throughputover standardTCP. In Scenariol, for nev WWW TCP connectionghe EFCM
controllerslightly increaseghe overall meanthroughputcomparedo standardTCP In Sce-
nario 3 and5, the EFCM controller noticeablyincreaseghe overall meanthroughputof new
WWW TCP connectiongomparedo standardl CP. For concurrenfTCP connectionsio real
differencecanbe obseredfor the overall meanthroughputetweerstandardr CPandEFCM-
controlledTCPin Scenaridl. In Scenarid3 and5, the overall meanthroughputof concurrent
TCP connectionss higherif they are EFCM-controlled. A hugefairnessgain for concurrent
TCP connectionganbeobseredif the EFCM controlleris used.

For new shortandfor nev WWW TCP connectionghe performancegain of the EFCM con-
troller increasesvith theroundtrip time betweerthe TCP senderandthe TCPrecevers. This
expectedresultis basedon the network informationreusealgorithmsof the EFCM controller
thatlower the negative influenceof standardl CP slow startmechanisnon the throughputof
TCP connectionsover pathswith large roundtrip times. The samecorrelationbetweenthe
throughputandtheroundtrip time canbeobseredfor concurrenfTCP connections.

Figures5.1 and5.2 shav sometypical processe®f the congestiorwindow size andthe se-
quencenumberfor eithertwo standardl CP connectionsor two EFCM-controlledTCP con-
nectionsof one ensemblever areliablelasthop (Scenariol). In Figure5.1, the concurrent
TCP connectionsare separatelycontrolledand obtain different congestionwindow sizes. In
Figure5.2,the concurrenfTCP connectionsrejointly controlledandobtainthe sameconges-
tion window sizes.It canbe seenthatoneof the concurrenfTCP connectiondhiassometimes
bursty sendingoehaior, sincethe currentEFCM controllerhasno built-in ratepacingmecha-
nism.

¢ Unreliablelasthopscenarioin all consideredcenarioandfor bothnew shortandnev WWW
TCP connectionsandfor concurrenfT CP connectionsthe EFCM controllerachieves a large
gainin the overall meanthroughputcomparedo standardl CR. Thereforea commonconges-
tion control for TCP connectioncanpartly preventthe negative influenceof paclet lossesn
thelasthopof thenetwork onthethroughpubf TCPconnectionsTheonly slightfairnesggain
of the EFCM controllerfor concurrentTCP connectionsanbe explainedasfollows: If two
or moreTCP connection®f oneensemblareestablishedn parallelduringonemeasurement
periodfor thefairnessndex, they have equalvaluesfor their jointly controlledTCP variables.
This is ensuredby the EFCM controller But the EFCM controllercannot prevent that these
TCP connectionbsere differentsggmentlossfrequenciesiuring this measuremeryeriod.
Therefore someTCP senderdiave to wait for acknaviedgmentswvhile otherTCP sendergan
sendtheir (new) segments. As a result,the concurrenfT CP connectionsf an ensemblecan
have (very) differentthroughputdn a measuremenperiod. Hence the fairnessindex canbe
low.
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For new shortTCP connectionghe performanceainof the EFCM controllerdecreasebut re-
mainson a high level with theroundtrip time betweerthe TCP senderandthe TCPrecevers.
For new WWW TCP connectionghe performanceayainof the EFCM controlleris nearlyinde-
pendenfrom theroundtrip time. For concurreniT CP connectionghe performanceainof the
EFCM controllerslightly increasesvith theroundtrip time.

Figures5.3 and 5.4 shav sometypical processe®f the congestiorwindow size andthe se-
quencenumberfor eithertwo standardl CPconnection®r two EFCM-controlledTCP connec-
tionsover anunreliablelasthop. In Figure5.3,the concurrenfTCP connectionsareseparately
controlledandusedifferentcongestiorwindow sizes.In Figure5.4,the concurrenfTCP con-
nectionsarejointly controlledandusethe samecongestiorwindow sizes.Dueto pacletlosses
someconcurrenfTCP connectiondhave to wait for a longerperiodof time to sendsomenew
sgments.But the negative influenceof paclet losseson thethroughputof TCP connectionss
noticeablyabsorbedy acommoncongestiorcontrol. Dueto thesmallerincreasenf theaggre-
gatedcongestiorwindow sizecomparedo the scenariowith areliablelasthoparemarkable
decreas®ef thebursty sendingoehaior of concurrenfTCP connectionsanbe obsered.

In the unreliablelast hop scenaricthe EFCM controller significantlyimproves both throughput
metricscomparedo standardTCP In this scenariothe negative influenceof paclet losseson the
throughputof TCP connectionganbe compensatedor by sharingthe decreased¢ongestionwin-
dow andslow startthresholdof the TCP connectionaffectedby paclet lossesamongall ensemble
members.

Figures5.5and5.6 shav the histogramsf the fairnessndex for concurrenstandarcor EFCM-
controlledTCP connectiondor bothlasthop scenariosn the simulationswith a routerrouterdelay
of 10 ms. Especiallyfor thereliablelasthop scenariahe positve influenceof the EFCM controller
onthefairnessof concurrenfTCP connectionss obvious. Figures5.7 and5.8 shav the histograms
of the throughputfor concurrentstandardor EFCM-controlledTCP connectiongor both last hop
scenariosn the simulationswith arouterrouterdelayof 10 ms.

It is remarkablethat in the simulation Scenario2 with an unreliablelast hop the connection-
orientedmeanthroughput(not the overall meanthroughput!) of most TCP connectionswhich are
controlledor could be controlledby the EFCM approachs higherthanin the simulationScenarial
with areliablelasthop. But this—atfirst astonishing—resuttanbeeasilyexplained: Thebackground
traffic TCP connectionsvith receversin therecever LAN areoftenaffectedby pacletlossesn the
unreliablelast hop. Due to the TCP congestioncontrol algorithmsthesebackgroundtraffic TCP
connectionseacha smalleroverall sendingrate,allocatelessbandwidth andproducea substantially
lower loadin therecever LAN. The otherTCP connectionswith receversin therecever LAN are
alsoaffectedby paclet lossesin the unreliablelasthop. But from a single TCP connectiors point
of view, the lower load in the sharedmediumof the recever LAN cansometimessompensatéor
andeven overcompensatéor the in generalnegative influenceof paclet lossesn anunreliablelast
hop on the meanthroughputof a TCP connection.For example,mostof the short TCP connections
andsomeof the WWW TCP connectionsarenot affectedat all by paclet lossesduring their whole
lifetime. TheseT CPconnectionganhighly benefitfrom thelowerloadin therecever LAN andreach
a higherconnection-orientecheanthroughput. Therefore the obsered higherconnection-oriertd
meanthroughputin the unreliablelast hop scenarias only basedon the lower load in the recever
LAN.
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In Table 5.13 the performanceof the EFCM controller derived from the simulationresultsis
summarized.

Table5.13: Performancef theEFCM controllerfor thedifferentscenarios— Thew short OF Tnew,www
arethe overallmeanthroughputor shortor WWW TCP connections] concurrent IS the overallmean
throughputfor concurrentTCP connectionsff,concurrent is the meanfairnessindex for concurrent

TCPconnections

Reliablelasthop Unreliablelasthop\

Tnew,short ++ T+
Tnew,www =+t ++
Tconcurrent =+ + ++
I f,concurrent ++ +

A '++' or’+' denoteghatthe EFCM controllerachievesa large gainor a gain (with respecto
the performanceametric shovn in this row) comparedo the standardTCP controller;a’=" denotes
that no significantgain betweenthe standardTCP andthe EFCM controller can be obsered. If
the performanceof the EFCM controllerfor a specificvalueis differentin the scenarioghenthe
performanceesultof eachscenarids statedn the cell of thetablewhich belongsto this value.

Page30

Copyrightat TechnicalUniversity Berlin. All TKN-02-005
Rightsresened.



TU BERLIN

CWND size

Normalized sequence number

80

CWND size process
Standard TCP

704

60

50

401

30

20

104

& 8

0
1068.50

T T T T
1069.00 1069.50 1070.00 1070.50

Sequence number process
Standard TCP

1071.00

250

200+

150

100+

50

04

g & ° L4

1068.50

T T T T
1069.00 1069.50 1070.00 1070.50

Time [s]

1071.00

Figure5.1: Standardl CP connectionver areliablelasthop (Scenariol) — O and< representhe
first andsecondl CP connectiorof anensemblerespectiely
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CWND size process
EFCM-controlled TCP
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Figure5.5: Fairnesdndex histogramfor concurrentstandardbr EFCM-controlledTCP connections
overareliablelasthop (Scenarial)
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Figure5.6: Fairnesdndex histogramfor concurrentstandardbr EFCM-controlledTCP connections
overanunreliablelasthop (Scenarid?)
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Figure5.7: Throughpuhistogranfor concurrenstandarar EFCM-controlledTCPconnection®ver
areliablelasthop (Scenaridl)
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Chapter 6

Conclusionand Outlook

The simulationresultsshav thatthe commoncongestiorcontrolapproactEFCM improvesthe per
formanceof standardTCPR If the EFCM controlleris usedin a scenariowith a reliablelasthop, a
remarkablyimprovedfairnessanbe obsered betweerconcurrenfTCP connection®f anensemble.
Also, shortconnectiongnjoy a muchimprovedthroughput.In the unreliablelasthop scenariothe
EFCM approactsignificantlyimprovesthe throughputof concurrenfTCP connection®f anensem-
ble. Particularly for suchunreliablelast hop scenarioghe usageof the EFCM approachs highly
recommended.

Thesebenefitsareachieved despitethe factthatthe EFCM controllerinvestigatechereusesrela-
tively simplealgorithms.In future investigationsof the EFCM approachsomemorecomple algo-
rithmswill be consideredin thegivensimulationmodelwith the heredescribecarametesettingas
well asin extendedsimulationmodelswith the sameand otherparametesettings. For example, if
oneTCP connectiorof anensemblaloesnot useits whole fair shareof the aggrgjatedsendingrate
in agiventimeintenal thenthe otherTCP connection®f theensembleshouldincreasaheir sending
rateto reachthe allowed aggregyatedsendingrate. The intermittently silent TCP connectionshould
getacreditfor thisunusedsendingrateto be allowedto have asendingratehigherthanthefair share
in the future. This new controllermechanisncanbe implementedoy usinga utilization factorfor
eachTCP connectionin anensembleMore generally allowing the controllerto adaptsendingrates
within anensemblenablesien form of applicationsupport.As anexample thetransportayercould
supportinteractve applicationsby assigninghema greatershareof an ensembles total bandwidth
budgetandreducingthis shareagainwhenthe applicationhasno datato send(compensatingther
applicationdor their backlog).

Anotherimportantextensionof the currentEFCM controlleris theimplementatiorof aratepac-
ing mechanismto preventa bursty sendingbehaior, which canoccurfor newv and,in somecases,
concurrenfTCP connection®f anensemble.The scopeof anensemblecanbe extendedby includ-
ing informationfrom recentlyclosedconnectionsassuminghat the network conditionsare slowly
varying at best;the speedwith which suchinformationbecomesnaccuratdés animportantparame-
ter for suchanundertaking.In a similar vein, the EFCM approactcould alsobe usedfor handwer
TCPconnectionsi.e., TCP connectionsvhosemobilereceversperformahandwer. In this casethe
handwer mustbe non-transparerfor thetransportayerof the EFCM endsystem.

The mid-termobjective will bethe extensionof the EFCM approactto jointly control TCP and
UDP datastreams,.e., to reacha TCP-friendly behaior of UDP datastreamsin an EFCM end
system.n addition,it is plannedo implementa framewvork for acommoncongestiorcontrollerinto
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thelinux kernelto evaluatethe performancef the EFCM controllerby measuremenis the Internet
ervironment.
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Appendix A

Complexity of the current EFCM
controller

Thecomplity of acontrollercanbe expressedisingthe O-calculug6] thatgivesanasymptotiaup-
perboundof acompleity metric,e.g.,thetime or spaceconsumptiorof analgorithmor acontroller
Here,thetime andspacecomplity of the EFCM controlleris comparedvith standardr CPby using
animplementatiorof the EFCM controllerwhichis optimizedfor time consumption.

Let v be the numberof jointly controlled TCP variablesof the EFCM controller For v of
theseT CP controlvariablesa fair sharecalculation,e.g.,for the congestiorwindow sizeor the slov
startthreshold,andfor the remainingv,, TCP control variablesa weightedcalculation,e.qg.,for the
smoothedoundtrip time andtheroundtrip time variancejs used.Let n bethenumberof concurrent
TCP connectionsvhich form an ensembleand arejointly controlledby the EFCM controller For
every changeof oneof the jointly controlled TCP variablesof the EFCM controller the additional
time consumptiorof the EFCM controllercomparedvith standardlr CP canbe estimatedas:

# Additions (+, —) = 0(1)
# Multiplications (-, /) = O(1)
# Assignments = O(n)

The consideredmplementationof the EFCM controller has an additional spaceconsumption
comparedo standardTCP whoseupperboundis in O(n - vs + vw) per ensemble.If an EFCM
controllerhasto manage: ensemblesit the sametime the upperboundof the additionalspacecon-
sumptionisin O(e+ >"5_; n; - vis ; + vw,;) Wheretheadditionale in theequatiorrepresentthespace
consumptiorof the searcHist thatis usedto determinewhethera new TCP connectioncanjoin an
existing ensembler not. The overall additionaltime andspacecompleity of the EFCM controller
comparedo standardlCPis low. And this additionalcompleity, exceptfor the searchiist, is only
neededf the EFCM controllerhasto managel CP connectionsn anensemble.
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Appendix B

Statistical Evaluation

B.1 Statistical evaluation method

For the simulatedscenariosith eitherareliableor anunreliablelasthopthe resultsof the standard
TCP (no EFCM) controllerarestatisticallycomparedvith the resultsof the EFCM controller

The statisticalevaluationmethodusedfor this comparisonis calledthe t-testfor unpairedob-
senationsof two alternatves andis describedn detailin [4]. The mainideaof this methodis to
computea confidencentenal for the differenceof the meanvaluesof both alternatvesfor a given
confidencdevel. Thenthedecisioncriterionis:

¢ If theconfidencanterval includeszero,thenthetwo alternatvescannot bedistinguished.
e If theconfidencantenal is abore/belav zero,thenthefirst/secondalternatve is the betterone.

Testswith confidenceintenals give not only a yes-noanswerlike otherhypothesidests,they also
give ananswerto thequestiorhow precisethedecisionis. A narrav confidencentenal indicateghat
the precisionof thedecisionis highwhereas wide confidencentenal indicateshatthe precisionof
thedecisionis ratherlow.

This t-testfor unpairedobserationsof two alternatvesis usedfor the statisticalevaluationof
the simulationresultsfor both the overall meanthroughput(7';) andthe connection-orientedhean
throughput(T’,) of new or concurrenfTCP connectionsontrolledby the standardrCP or the EFCM
controllerandthe meanfairnessndex (I ) of concurrenfrCP connections.

The valuesfor this statisticalevaluationare producedby five independensimulationruns for
every lasthopscenarian the simulationmodel.

B.2 Statistical evaluation results

In thefollowing TablesB.1 to B.6 the statisticalevaluationof the simulationresultsareshavn. For
eachconfidencdntenal alsothe confidencdevel (0.90, 0.95 or 0.99) is depicted.If the simulation
resultsfor the standardTCP and the EFCM controller are not significantly different even for the
confidencdevel 0.90,thenthe confidencenterval for the confidencdevel 0.90is stated.
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TableB.1: Statisticalevaluationof the simulationresultsof Scenariol (10 ms routerrouter delay

reliablelasthop)

no EFCM «+ EFCM

T, of new TCP1 | 0.99:(— 8.32,— 3.39)
TCPconnections | TCP2 0.90: (— 7.37,+ 3.14)
[1— «: conf()] TCP3 0.90 : (— 6.37,+ 2.06)
T, of anew TCP1 | 0.99:(— 8.11,— 5.71)
TCPconnection | TCP2 0.90 : (— 2.66,+ 1.41)
[1—a:conf)] | TCP3 | 0.90:(— 2.68,+ 1.14)
T'; of concurrent
TCPconnections 0.90 : (— 0.88,+ 5.29)
[1 — a: conf()]
T- of aconcurrent
TCPconnection 0.99 : (+ 0.32,+ 3.21)
[1 — a: conf()]
I of concurrent
TCPconnections 0.99 : (— 0.16,— 0.14)

[1 — a: conf()]

TableB.2: Statisticalevaluationof the simulationresultsof Scenario2 (10 ms routerrouter delay
unreliablelasthop)

no EFCM «+ EFCM

T of new TCP1 0.99 : (— 7.62,— 4.58)
TCPconnections | TCP2 0.99 : (—23.25,—15.76)
[1—a:conf()] | TCP3 | 0.99:(—23.18,—15.45)

T, of anew TCP1 | 0.99:(— 7.60,— 3.02)
TCPconnection | TCP2 0.99 : (— 9.09,— 3.11)
[1—ca:conf)] | TCP3 | 0.99:(— 9.60,— 3.39)
T of concurrent
TCPconnections 0.99: (—13.88,— 9.63)
[1 — a: conf()]

T- of aconcurrent
TCPconnection 0.99: (— 7.52,— 4.20)
[1 — a: conf()]
I of concurrent
TCPconnections 0.99 : (— 0.03,— 0.02)
[1 — a: conf()]
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TableB.3: Statisticalevaluationof the simulationresultsof Scenario3 (30 ms routerrouter delay

reliablelasthop)

no EFCM «+ EFCM

T, of new TCP1 0.99 : (— 6.99, — 4.83)
TCPconnections | TCP2 0.99 : (—10.93, — 4.20)
[1— «: conf()] TCP3 0.99 : (—11.88,— 4.62)

T, of anew TCP1 0.99 : (— 7.76,— 7.00)
TCPconnection | TCP2 0.99 : (—10.59, — 6.66)
[1—a:conf)] | TCP3 | 0.99:(-11.28,— 7.79)
T'; of concurrent
TCPconnections 0.99 : (— 5.15,— 2.59)
[1 — a: conf()]

T- of aconcurrent

TCPconnection 0.99 : (— 4.25,— 2.64)
[1 — a: conf()]

I of concurrent

TCPconnections 0.99: (— 0.08,— 0.07)

[1 — a: conf()]

TableB.4: Statisticalevaluationof the simulationresultsof Scenario4 (30 ms routerrouter delay
unreliablelasthop)

no EFCM «+ EFCM

T, of new TCP1 | 0.99:(— 5.31,— 3.71)
TCPconnections | TCP2 0.99 : (—16.15, —12.65)
[1—a:conf(] | TCP3 | 0.99:(—16.37, —12.70)
T, of anew TCP1 0.99 : (— 5.36,— 3.98)
TCPconnection | TCP2 0.99 : (— 8.70,— 6.83)
[1—ca:conf)] | TCP3 | 0.99:(— 7.90,— 4.73)
T of concurrent
TCPconnections 0.99: (—10.43, — 8.67)
[1 — a: conf()]
T- of aconcurrent
TCPconnection 0.99: (— 6.52,— 5.27)
[1 — a: conf()]
I of concurrent
TCPconnections 0.99 : (— 0.04,— 0.03)
[1 — a: conf()]
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TableB.5: Statisticalevaluationof the simulationresultsof Scenaricb (50 ms routerrouter delay

reliablelasthop)

no EFCM «+ EFCM

T, of new TCP1 0.99 : (— 6.04,— 4.50)
TCPconnections | TCP2 0.99:(—11.93,— 7.58)
[1—a:conf()] | TCP3 | 0.99:(— 9.88,— 5.60)

T, of anew TCP1 | 0.99:(— 6.61,— 6.12)
TCPconnection | TCP2 0.99 : (—11.15,— 9.13)
[1—a:conf()] | TCP3 | 0.99:(—11.25,— 7.67)
T'; of concurrent
TCPconnections 0.99: (— 4.42,— 1.97)
[1 — a: conf()]

T- of aconcurrent

TCPconnection 0.99 : (— 3.84,— 2.41)
[1 — a: conf()]

I of concurrent

TCPconnections 0.99: (— 0.09,— 0.07)

[1 — a: conf()]

TableB.6: Statisticalevaluationof the simulationresultsof Scenario6 (50 ms routerrouter delay
unreliablelasthop)

no EFCM «+ EFCM

T of new TCP1 0.99 : (— 4.46,— 3.27)
TCPconnections | TCP2 0.99 : (—12.63,— 9.64)
[1—a:conf)] | TCP3 | 0.99:(—13.09, —10.42)

T, of anew TCP1 0.99 : (— 3.42,— 2.69)
TCPconnection | TCP2 0.99 : (— 7.55,— 6.14)
[1—a:conf()] | TCP3 | 0.99:(— 8.00,— 5.95)
T of concurrent
TCPconnections 0.99: (— 7.88,— 6.66)
[1 — a: conf()]

T- of aconcurrent
TCPconnection 0.99: (— 5.39,— 4.27)
[1 — a: conf()]
I of concurrent
TCPconnections 0.99 : (— 0.04,— 0.03)
[1 — a: conf()]
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B.3 Summary of the statistical evaluation

The statistical evaluation of the simulationresultsshav for the throughputmetrics rather wide
confidenceintenals. For new short TCP connectionsghe EFCM controller reachessignificantly
higherthroughputsn all consideredsimulationscenarios.With one exceptionfor the lessimpor
tant connection-oriemtd meanthroughputin Scenariol (this might be only a randomeffect), for
nev WWW or concurrentTCP connectionghe EFCM controllerreachesa significantly higher or
at leastnot a significantly lower throughputcomparedo standardTCP. And even for someresults
whereno statisticallysignificantdifferencebetweenhe standardr CP andthe EFCM controllercan
be obsered,atrendto the EFCM controllercanbe noticed.

In all simulationscenarioghefairnessndex of concurrenEFCM-controlledT CP connectiongs
significantlyhigherthanthefairnessndex of concurrenstandardlr CP connections.
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Appendix C

Curr ent developmentsof the EFCM
controller

The EFCM controlleris underdevelopment.The currentversionof the EFCM controller(date: 10.
June2002)hasa built-in ratepacingalgorithmthatpreventsthe bursty sendingbehaior of nev and
concurrenfTCPconnectionsn anensembleln addition,ajoint ack-clockingmechanisnior all TCP
connection®f an ensembléas implementedhat allows a morefair proportioningof the numberof
sentbut currentlynotacknavledgedsegmentd(i.e., thein-flight sggmentsof anensemblepnthe TCP
connectionsn anensemble.
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