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Abstract

Today’s standardInternettransportprotocol implementationsperformflow andcongestioncontrol
separatelyfor eachdatastream,in isolationfrom all otherdatastreams.It is advantageousin terms
of improving theoverall performanceof thedatastreams,i.e., the throughputandfairness,to reuse
network informationand—asanextension—toestablishacommoncongestioncontrolbetweensome
of thedatastreamsof anendsystem.

In this technicalreport,we describethe designgoalsandexplain the algorithmsof a common
congestioncontrol approachfor TCP connectionscalled”ensembleflow congestionmanagement”
(EFCM). In addition,we investigatethe performancegain of the EFCM approachcomparedto the
standardTCPcongestionandflow controlunderdifferentnetwork conditions.Simulationswith the
EFCM approachshow a considerableincreasein throughputandfairnesswithout increasingtheag-
gressivenessof a setof TCP connections;the effect on backgroundtraffic is alsonegligible. The
proposedEFCMcontrolleralgorithmsareeasyto implementandhave a low additionalcomplexity.

Keywords: TCP, CongestionControl,Flow Control,Network InformationReuse,CommonConges-
tion Control
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Chapter 1

Intr oduction

In today’s Internet,mostof thedatastreamsareusingtheTCPor UDPtransportprotocols.Oneof the
mostimportantresponsibilitiesof atransportprotocolareflow andcongestioncontrol.A TCPstream
performscongestioncontrolby slowly increasingits sendingrate,probingthenetwork’scapacityand
trying to adaptto it in ordernot to overloadthenetwork; in asense,aTCPstreamcollectsinformation
aboutthecurrentnetwork conditions.For a UDP stream,thesetasksareleft to theapplication,since
UDP hasno built-in congestionandflow control.

Forbothtypesof transportprotocols,all datastreamsof anendsystemactseparatelyandindepen-
dentlyof eachother. This meansthat,for example,TCPdatastreamsdo not sharetheir information
aboutthecurrentnetwork conditionsandUDPdatastreamsdonotadjusttheirsendingrateto thecur-
rentnetwork conditionsasdetectedby someTCPdatastreams.As a result,theoverall performance
of thesedatastreamscanbesuboptimal,sincetheperformanceof eachdatastreamis optimizedonly
by usingits locally availablenetwork information.

Exploiting suchnetwork informationthat canbe presentwithin an endsystem’s protocolstack
andsharingthis informationbetweenmultiple streamsshouldimprove overall performance.This in-
formationsharingcanhappenonceatthestartof anew datastreamto initialize its flow andcongestion
controlvariableswith moreadequatevalues.This approachis calledone-timenetwork information
reuse.As anextension,informationcanbesharedcontinuouslyamongseveral datastreamsduring
their wholelifetime in orderto jointly controlthem;this secondapproachis calledcommonconges-
tion control.This technicalreportfocuseson commoncongestioncontrol.

Sharingnetwork informationbetweendatastreamscanonly happenamongstreamsthatusethe
samenetwork path.Hence,a commoncongestionapproachis only reasonablebetweendatastreams
of anendsystemwhich have thesamereceiver or at leastreceiversin thesamepartof thenetwork.
Thesedatastreamsform a (datastream)ensemble. Thealgorithmsthatdeterminewhich, how, and
whennetwork informationamongdifferentdatastreamsof an ensembleis sharedform the actual
controllerof acommoncongestioncontrolapproach.

A commoncongestioncontroller’s job canbedividedinto two maintasks:First,acommoncon-
gestioncontrollerhasto managethe one-timenetwork informationexchangebetweenexisting (or
recentlyclosed) datastreamsof anensembleanda new datastreamjoining this particularensemble.
This taskis similar to thecontroller’s job in existing purenetwork informationreuseapproacheslike
the ensembleor temporalTCP control block interdependence(TCBI) [11, 9, 10]. Second,a com-
moncongestioncontrolleris responsiblefor thecontinuousnetwork informationexchangebetween
concurrentdatastreamsof anensembleto reachacommoncongestioncontrolfor thisensemble.
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Thesetwo taskscanbe fulfilled in a numberof differentways. Themain ideasandmethodsof
the four most relevant approacheshave beendescribedin reference[8]. Oneof theseapproaches,
theensembleTCP(E-TCP)[1], hasbeenidentifiedasa goodbasisfor our new commoncongestion
control approachcalled ”ensembleflow congestionmanagement”(EFCM). The E-TCP approach
providesa commoncongestioncontrol amongTCP connectionsof an endsystemin a way that an
ensembleof � TCPconnectionsis no moreaggressive to thenetwork thana singleTCPconnection.
Network informationis sharedbetweena new TCPconnectionandexisting or recentlyclosedTCP
connectionsandbetweenconcurrentTCP connections.In addition,for every ensemblethe E-TCP
approachusesa schedulerthat determineswhich TCP connectionof an ensemblesendsthe next
segment.A rate-basedpacingmechanismcanbeoptionallyusedfor TCPconnectionsof anensemble.
Theassumptionthatanentireensembleshouldbeatmostasaggressiveasasingleconnectionappears
very conservative; it is herethatEFCM andE-TCPdiffer most(detailsarepresentedin Chapter2).
We claim that theEFCM approachresultsin considerableperformancegainsat a moderateincrease
in implementationcomplexity andonly limited adverseeffectson thenetwork.

Nevertheless,makingcommoncongestioncontrolapracticalsolutionis still facedwith apractical
challenge:In a simplecommoncongestioncontrollerthe IP addressof thereceiver or theIP subnet
addressof the receiversareusedto determineif someTCP connectionscanform an ensembleand
usea commoncongestioncontrol or not. If somemechanismslike NAT or Mobile IP are used,
the IP addressesof the receiverscanno longerform the criterion to build an ensemble,sincewith
thesemechanismstheIP addressesof thereceiversdonot reflectthecurrentlocationof thereceivers.
Therefore,it might besometimesdifficult or even impossibleto find out which TCPconnectionsof
an endsystemcanform an ensembleandcanusea commoncongestioncontrol. Furtherresearch
mustbe doneon this topic to determinethe constraintsandpossiblesolutionsfor usinga common
congestioncontrolin therealInternet.

Theremainderof this technicalreportis organizedasfollows: Thedesigngoalsandalgorithmsof
theEFCMapproachareexplainedin Chapter2. Thesealgorithmswereevaluatedby simulations.The
network topologyandsimulationscenariosareshown in Chapter3, appropriateevaluationmetrics
are describedin Chapter4, and Chapter5 presentsand discussesthe simulationresults. Finally,
Chapter6 containstheconclusionof this technicalreportandgivesanoutlookonour futureresearch
activities. In Appendix A, a rough estimateof the additionaltime andspaceconsumptionof the
EFCM controller comparedto standardTCP is given. AppendixB containsboth a descriptionof
thestatisticalevaluationmethodaswell asa detailedexpositionof theevaluationresults.Sincethe
EFCM controlleris underdevelopment,AppendixC describestheadditionalalgorithmsof thelatest
versionof theEFCM controllercomparedto theEFCMcontrollerdepictedin Chapter2 .
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Chapter 2

EnsembleFlow CongestionManagement
(EFCM)

In Chapter1, the generalconceptof sharingnetwork informationbetweensomedatastreamshas
beenpresented,usingthenotionof acontrollerthatmanagestheinformationexchange.A controller
is anabstractentity which needsto bespecifiedfurther to determinea concrete,implementableand
testablefunctionality. Onepossibilityof suchacontroller, theEFCMcontroller, is presentedhere.

2.1 The EFCM designconstraints

Thedesignconstraintsof theensembleflow congestionmanagementare:� The control algorithmsof the EFCM approachareconfinedto a sendingendsystem,i.e., an
endsystemwherethesendersof thedatastreamsarelocated.Thismeansthatexceptfor some
codein thetransportprotocolnoadaptationsandadditionalchangesneitherin thenetwork nor
in thereceiving endsystem(s)have to bedone.� TheEFCM approachsupportsstandardtransportlayer interfaces,i.e., sockets. Therefore,the
EFCM is transparentfor all applicationsandInternetservicesrunningon theendsystem.� In contrastto theE-TCPapproach,thealgorithmsof theEFCMcontrollerensurethatanensem-
ble of � datastreamsmustbeno moreaggressive to thenetwork than � separatedatastreams
of anendsystem.� Anotherdesignconstraintof theEFCM controlleris a fair sharingof theavailablebandwidth
amongthedatastreamsin anensemble.

2.2 The EFCM controller

Thecurrentversionof theEFCM controllerperformsone-timenetwork informationreusefor a new
connectionaswell ascommoncongestioncontrol betweenconcurrentlyexisting connectionsof an
ensemble.It doesnot, however, reusenetwork informationobtainedfrom recentlyclosedTCPcon-
nections(as,e.g.,temporalTCBI does[11]). It alsodoesnot controlUDPdatastreamswith network
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informationobtainedfrom existingor recentlyclosedTCPconnections.No rate-basedpacingmecha-
nismis implementedin thecurrentEFCMcontroller. Mechanismsto implementthesefunctionalities
areunderdevelopment.

2.3 The EFCM jointly controlled TCP variables

TCPusesthefollowing variablesfor congestioncontrol: congestionwindow size(cwnd),slow start
threshold(ssthresh),roundtrip time(rtt), smoothedroundtrip time(srtt),androundtrip timevariance
(rttvar). Thefirst two TCPcontrolvariablesrestricttheloadasingleTCPconnectioncansendinto the
network, thelastthreeTCPcontrolvariablesleadto adequatetimeouttimervaluesfor TCPsegments
sendfrom asingleTCPconnection.

The EFCM controllerjointly controlsthe congestionwindow size,the slow start threshold,the
smoothedround trip time, and the round trip time varianceof TCP connectionsin an ensemble.
Hence,theEFCM controllerrestrictstheloadtheTCPconnectionsof anensemblecansendinto the
network andall TCP connectionsof an ensembleobtainthe sameadequatevaluefor their timeout
timer.

2.4 The EFCM control algorithms

In thefollowing twoparagraphs,wedescribetheproposedalgorithmsof theEFCMcontrollerfor both
tasks,i.e.,initializing new connectionsandupdatingconcurrentconnections,of 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 connection,thenew TCPconnectionwill
reusethis network information andwill start with more adequatevaluesfor the load the network
cancopewith andthe timeouttimer value. Thealgorithmsof theEFCM controllerfor thenetwork
informationreusebetweenexisting TCPconnectionsof anensembleanda new TCPconnectionof
thesameensemblearedescribedin thefollowing list:

Congestionwindow size: TheEFCMcontrollercomputesthesumof all currentcongestionwindow
sizesof theexistingTCPconnectionsof theensembleplusthestandardinitial congestionwin-
dow size2, representingthenew TCPconnection.This valueis usedto calculatea fair share,
i.e., an arithmeticmeanvalue,of the congestionwindow sizefor all TCP connectionsin the
ensemble.At thebeginningof anew TCPconnection,all TCPconnectionsof theensembleget
this congestionwindow sizefair shareastheir new congestionwindow size.

Slow start thr eshold: TheEFCMcontrollercomputesthesumof all currentslow startthresholdsof
theexisting TCPconnectionsof theensembleplusthestandardinitial slow startthreshold64,
representingthenew TCPconnection.This valueis usedto calculatea fair shareof slow start
thresholdfor all TCPconnectionsin theensemble.At thebeginningof anew TCPconnection,
all TCP connectionsof the ensembleareassignedthis slow startthresholdfair shareastheir
new slow startthreshold.
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Smoothedround trip time: TheEFCMcontrollerusesthecurrentvalueof anaggregatedsmoothed
roundtrip time of theexisting TCPconnectionsof anensembleasthe initial smoothedround
trip time of the new TCP connection. If the new TCP connectionis the only streamin its
ensemblethenthe initial smoothedround trip time of the new TCP connectionis set to the
standardvalue.

Round trip time variance: TheEFCMcontrollerusesthecurrentvalueof anaggregatedroundtrip
time varianceof the existing TCP connectionsof an ensembleas the initial round trip time
varianceof the new TCP connection. If the new TCP connectionis the only streamin its
ensemblethen the initial round trip time varianceof the new TCP connectionis set to the
standardvalue.

Sincein thecurrentEFCM controller, no ratepacingfor a new TCPconnectionis implemented,the
first TCPsegmentsof every new TCPconnectionwill besentin aburst.

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

WheneverastandardTCPimplementationwouldchangethevalueof oneof thecommonlycontrolled
variablesof aconnection,EFCMusesthischangeto triggerupdatesto thethesevariablesfor all other
connectionswithin thesameensemble,accordingto thefollowing rules:

Congestionwindow size: After every changeof thecongestionwindow sizeof oneof theexisting
TCP connectionsin anensemble,an aggregatedcongestionwindow sizefor this ensembleis
computedby addingall currentcongestionwindow sizesof theTCPconnectionsin theensem-
ble. This valueis usedto calculatea fair shareof congestionwindow size. This congestion
window sizefair shareis thenew congestionwindow sizeof every TCPconnectionin anen-
semble.

Slow start thr eshold: After every changeof the slow start thresholdof one of the existing TCP
connectionsin anensembleanaggregatedslow startthresholdfor this ensembleis computed
by addingall currentslow startthresholdsof theTCPconnectionsin theensemble.This value
is usedto calculateafair shareof slow startthreshold.Thisvalueis thenew slow startthreshold
of every TCPconnectionin anensemble.

Smoothedround trip time: After every changeof the smoothedround trip time of one of the �
TCP connectionsin anensembleanaggregatedsmoothedroundtrip time of this ensembleis
updatedby aweightedcalculationof �����	��
��� timesthelastvalueof theaggregatedsmoothed
roundtrip time plus ����� timesthenew smoothedroundtrip time. All TCPconnectionsin an
ensembleget this calculationresult of the smoothedround trip time as their new smoothed
roundtrip time.

Round trip time variance: After every changeof theroundtrip time varianceof oneof the � TCP
connectionsin anensembleanaggregatedroundtrip timevarianceof thisensembleis updated
by a weightedcalculationof ���	����
��� timesthe lastvalueof theaggregatedroundtrip time
varianceplus ����� timesthenew roundtrip timevariance.All TCPconnectionsin anensemble
getthis calculationresultof theroundtrip varianceastheir new roundtrip timevariance.
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If oneof the TCP connectionsin an ensembleis affectedby a packet loss,all TCP connectionsof
the ensemblewill fairly reducetheir congestionwindow size and slow start thresholdto the new
calculatedvalues.This maintainsthecongestioncontrolof standardTCPif thepacket lossis caused
by congestionin thenetwork.

If a TCP connectionleavestheensemble,i.e., theTCP connectionhasbeenclosed,thecurrent
aggregatedcongestionwindow sizeandthecurrentaggregatedslow startthresholdarefairly shared
amongtheremainingTCPconnectionsin theensemble.

SincethecurrentEFCM controllerhasno built-in ratepacing,someof theconcurrentTCPcon-
nectionsof theensemblecanexhibit burstysendingbehavior. For example,oneTCPconnectionof
anensembleis waiting for acknowledgmentswhile otherconnectionsof thesameensemblereceive
acknowledgments,consequentlyincreasingtheaggregatedcongestionwindow sizeandthefair share
of thecongestionwindow size. If thewaiting TCP connectiondoesreceive an acknowledgment,it
sendsthenow permitted,largernumberof new TCPsegmentsin aburst.

Evidently, theseEFCM computationsimposesomeoverheadin time andspace.A roughesti-
mateof the additionaltime andspacecomplexity of EFCM comparedto standardTCP is given in
AppendixA.
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Chapter 3

Simulation Model

Evaluatingthethroughputandfairnessgainof theEFCM approachis doneby simulations.Thenet-
work topologyfor thesesimulationsis intendedto reflectcommonclient-serverarchitecturesin which
theclientendsystems,i.e. thereceivers,obtaininformationfrom applicationsrunningonthe(option-
ally) EFCM-controlledserver endsystem,i.e., the(EFCM) endsystem.In typical Internetsetups,a
server is connectedto anISP’sbackbonenetwork with ahigh-bandwidth,reliablelink. Typicalclient
endsystemsareconnectedvia networkswith smallerbandwidths,e.g.,DSL linesor low-speedLANs.
Thesenetworkscanbebothreliableor, in caseof modernwirelessLAN installations,unreliable.The
backbonenetwork itself hasa bandwidth-delayproductvarying over time dependingon its current
load.Wechoseoursimulatednetwork topologywith regardto thesepropertiesof theInternet.

In additionto thenetwork topologythereareotherfactorsthat influencetheperformanceof the
EFCM approach,e.g., the numberof TCP senderinstancesin the (EFCM) end system,the type
of applicationsrunningon the (EFCM) endsystem,the round trip time betweenthe (EFCM) end
systemandthereceiver(s),thepacket lossratein thelinks betweenthe(EFCM) endsystemandthe
receiver(s),thebackgroundtraffic loadin thepath(s)from the(EFCM) endsystemto thereceiver(s),
andthemaximumsegmentsize(MSS)of TCP connections.For eachof thesefactorsa reasonable
subsetof valuesmustbedefinedandfor every combinationof parametersettingsstandardTCPmust
be comparedwith the EFCM approachto reacha completeperformanceevaluationof the EFCM
approach.

In this technicalreport, we considerone specificnetwork model with a reasonablechoiceof
parameters.This model is describedin detail in the following Section3.1; the load modelsare
containedin Section3.2.

3.1 Simulatednetwork topology

The performanceevaluationof the EFCM approachusesa simulatednetwork topology shown in
Figure3.1. Thesimulationnetwork topologyconsistsof severalTCPsenders(S1,.. . , S3andBS1,
BS2)andTCPreceivers(R1,.. . , R3andBR1,BR2), two routers,andoneEthernet-typeLAN on the
senderside. ThesenderLAN is characterizedby a bit rateof 100Mbpswith andpropagationdelay
of 0.5 � s. Theroutersareconnectedvia links with a bit rateof 100Mbpsandapropagationdelayof
10ms,30ms,or 50ms.For eachincominglink theroutershaveaqueuingcapacityof 20 IP packets.
Togetherwith thegiven load in this tiny simulationmodelsomepacket lossesin the routerscanbe
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Figure3.1: Structureof thesimulatednetwork topology

observedwith this relatively smallqueuingcapacity.
TheTCPsendersS1,S2,andS3arelocatedin anendsystemwhich is optionallyequippedwith

anEFCM controller. TheotherTCPsendersBS1andBS2arelocatedin differentendsystemsand
generatebackgroundtraffic.

Theendsystemof thebackgroundtraffic TCPsenderBS2 is connectedto thenetwork via links
with a bit rateof 100Mbpsanda propagationdelayof 0.25ms. Theendsystemof thebackground
traffic TCPsenderBS1andtheEFCMendsystemareconnectedto thenetwork via thesenderLAN.
Theendsystemsof theTCPreceiversR1,R2,andR3 andthebackgroundtraffic TCPreceiver BR2
areconnectedto thenetwork via thereceiver LAN.

ThereceiverLAN consistsof anEthernet-typesharedmediumwith anoverallbit rateof 10Mbps
andapropagationdelayof 0.5 � s. Thepacket lossratein thereceiverLAN is adjustableto investigate
theinfluenceof differentpacket lossprobabilitiesin thelasthopof a TCPconnectionon theoverall
throughputof theTCPconnections.Hence,with this receiver LAN eithera reliable(wired)Ethernet
or anunreliablewirelessLAN canbemodeled.In thewired lasthopscenario,no errorsoccurin the
receiverLAN; in thewirelessLAN case,packetscanbelostwith afixedpacket lossrateof 5 percent.

In summary, thechosenparametervaluesshouldrepresenttypical Internetscenariosfairly well.
It would beparticularlyinterestingconsidertheimpactof variousvaluesfor e.g. theroundtrip time,
themaximumsizeof TCPsegments,andthepacket lossrateasimportantfactorsfor theperformance
gain of EFCM. This technicalreportconcentrateson varying the roundtrip time; otherparameters
arekeptconstant.

3.2 Traffic load models

Properlycharacterizingtraffic loadsfor interactive Internetusersis a difficult undertaking.In order
to representsomemixtureof differentapplications,we decidedto usetwo differentclassesof TCP-
basedapplicationsto generatetraffic. The first classconsistsof short TCP connectionswith five
segmentsto send. This classcan be usedto model, for example,short repliesto searchrequests
like a MP3 musicpiecesearchor thecontentof a file directoryin anFTPserver. Thesecondclass
includesTCPconnectionswhosenumberof segmentsto sendis determinedby aWWW traffic model
[7]. This traffic modelis derived from realHTTP tracesin corporateandeducationalenvironments
andusesthreeabstractionlevels: The sessionlevel, the pagelevel, and the packet level. Here,a
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simplified versionof this WWW traffic model is usedwhich consistsonly of the first two levels.
In every WWW sessiona log-normallydistributednumberof WWW pageswith Pareto-distributed
pagesizesaresent.Thetime betweenthepages,i.e., theinter-connectionor readingtime, is gamma
distributed. The load in the network canbe easilyadjustedby using the exponentiallydistributed
sessioninterarrival time with a differentparameter. The inter-connectiontime of TCP connections
derived from the first applicationclasswith shortTCP connectionsis alsogammadistributed. The
distributionsandparameterschosenfor thestochasticvariablesof thesimplifiedWWW traffic model
areshown in Table3.1.

Table3.1: Distributionsandparametersfor thestochasticvariablesof thesimplifiedWWW model

Stochasticvariable Distribution Distribution parameter(s)

Inter-sessiontime Exponential ��������� s

Pagespersession Lognormal ��� �����! "�$# pps
(pps) %&�'#" ��(#"��� pps

Inter-pagetime Gamma ��� )����!�� �* s
(readingtime) %+�,�.-/#/�!)�0"� s

Pagesize Pareto 12�,�"�(#"�� 3-4 ��)"�"-$�� Bytes

The TCP sendersof the (optionally) EFCM-equippedendsystemuseboth applicationclasses:
one TCP senderonly opensshort TCP connections,the other two TCP sendersuseWWW TCP
connections.

Thetraffic of all backgroundTCPsendersis modeledby thesecondapplicationclasswith mod-
ified inter-connectiontime and sessioninterarrival time distributions, whereTCP connectionsare
immediatelyrestartedoncethey have terminated.This is doneto reacha higherloadin thenetwork
with thesefew backgroundtraffic TCPsenders.

Thewholesimulationmodelis implementedin ns-2(version2.1b8a)[2]. For all standardTCP
connections,the ns-2 implementationof a TCP Newreno [3] senderor receiver, respectively, is
used. The TCP connectionsof the (EFCM) end systemare instancesof a new TCP senderclass
(EFCM TCP) derived from the ns-2 implementationof a TCP Newrenosender.12 This new TCP
senderclassprovidesadditionalnetwork informationreuseandcommoncongestioncontrolmecha-
nismsbetweentheTCPconnectionsof anEFCMensembleandsomestatisticalperformanceevalua-
tion methods.

1The currentns-2 implementationof the TCP Newreno senderand the TCP receiver doesnot perform the connec-
tion setup/teardown of a TCP connection.In future investigationsof the EFCM approachalsothe influenceof the TCP
connectionsetup/teardown protocolmechanismon theoverall throughputof a TCPconnectionwill beconsidered.

2The pagesizesin bytesof the sendersis convertedinto pagesizesin maximumsegmentsizes(MSSs)by usingthe
ceil-functionof C++. Dueto a smallbug in thesimulationprogram,thepagesizein MSSsof backgroundtraffic sender1
(BS 1) is equalor atmostonesmallerthanthepagesizesof theothersenders.
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Chapter 4

Evaluation Metric

In eachsimulatedscenarioandfor all new TCP connectionsthe meanthroughput,themeaninitial
congestionwindow size,themeaninitial slow startthreshold,themeaninitial smoothedroundtrip
time, and the meaninitial round trip time varianceare comparedbetweenthe standardTCP and
theEFCM controller. In addition,alsoa fairnessindex betweenconcurrentTCP connectionsof an
EFCM ensembleis usedto comparestandardTCPwith theEFCM approach:If � TCPconnections
areestablishedin parallel for a periodof time andreachthe meanthroughputs576 , �98;:<8=� , in
this periodof time, thenfor theseTCP connectionsa fairnessindex for this periodof time canbe
computedasfollows [5]:

>@? �
A	BC6EDGF 5H6�IKJ�ML BC6EDGF 5 J6 NPOEQSR

�� (very bad) 8 >@? 8'� (excellent)�
A fairnessindex of ����� denotesthat one of the � concurrentTCP connectiongetsthe entire

availablebandwidthwhile a fairnessindex of � meansthatall � concurrentTCPconnectionsgetthe
sameportionof theavailablebandwidth.

Only thoseTCP connectionsare consideredin the comparisonshown in the following tables
whicheitherarecontrolledby theEFCMapproachor arenotcontrolledbut couldbecontrolledby the
EFCM approach(asat leastoneconcurrentTCPconnectionto thesameLAN is alreadyestablished
anduseful informationaboutthe network is available). TheseTCP connectionsarecalledEFCM-
capableTCPconnections.In general,thepercentageof EFCM-capableTCPconnectionsdependson
thetypeof theEFCMendsystem.For example,thenumerousTCPconnectionsof a largeWWW or
proxy server have a higherprobabilityof usingthe EFCM approachthanthe few TCP connections
of an ordinary end system. In order not to reflect this dependency in the evaluation, the metric
computationswererestrictedto the EFCM-capableTCP connectionsandarehenceindependentof
theendsystem’s type.Theoverall performanceof theEFCM approachon thethroughputof all TCP
connectionscanthenbeapproximatedby usingtheshareof theEFCM TCPconnectionsof all TCP
connectionsof theEFCM endsystem.

TocomparestandardTCPwith theEFCMcontroller, two differentmeanthroughputcomputations
for theEFCM-capableTCPconnectionsof thetwo applicationclassesareused.If oneof theseTCP
connectionshassent T segmentsin duration U , thenthe two meanthroughputcalculationswork as
follows:
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� Computationof the overall meanthroughput( V F ): The sumof sentsegmentsof all � TCP
connectionsis dividedby theoverall durationof theseTCPconnections,i.e.:

V�FW�
BC6EDGF T 6BC6EDGF UX6

� Computationof the connection-orientedmeanthroughput( V J ): For eachof the � TCP con-
nectionsa meanthroughput5 is calculated.All thesemeanthroughputvaluesare thenused
to computethe overall meanthroughputof the TCP connectionsby a normalnon-weighted
arithmeticmeancalculationindependentof thenumberof segmentssentby eachof theTCP
connections,i.e.: V J � �� L

BY6EDGF T 6UX6 � �� L
BY6ZDGF 576

The former throughputcalculationis themoreimportantone,sincewith this throughputmetric the
overall throughputof the differentTCP controllerscanbe evaluated.The latter calculationgivesa
connection-oriented meanthroughputwhichcanbeunderstoodasthemeanthroughputasingleTCP
connectioncanexpect.
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Chapter 5

Simulation Results

5.1 Overview

Thesamesimulationswereperformedwithout andwith theEFCM controllerin a network scenario
with 10 ms,30 ms,or 50 msdelaybetweenthetwo routers.Thelasthopwaseitherreliableor had
a packet lossrate(PLR) of 5 %. Thesimulationresultsfor thesesimulationscenariosareshown in
detail in thenext sectionsandsummarizedanddiscussedat theendof this chapter.

In every following table,TCP1 is ashortTCPconnectionandTCP2 andTCP3 areWWW TCP
connectionsof the(EFCM) endsystem.Thesimulationresultsof onesimulationscenarioshown in
the tablesareaveragesover ten independentsimulationrunsfor the respective simulationscenario.
Both statedmeanthroughputmetrics( V�F , V J ) of theEFCM-capableTCPconnectionsaremeasured
in TCPsegmentspersecond;in every TCPsegment,thepayloadlengthis setto 1000bytes.For the
new TCPconnectionsenteringanensemblealsothemeaninitial congestionwindow size(cwnd), the
meaninitial slow startthreshold(ssthresh), themeaninitial smoothedroundtrip time (srtt), andthe
meaninitial roundtrip time variance(rttvar) areshown. For theconcurrentTCP connectionsof an
ensemblebothmeanthroughputmetrics( V[F , V J ) andthemeanfairnessindex (

>�?
) areshown.

Thelastcolumn \ in thefollowing tablesdenoteswhetherthesimulationresultsarestatistically
significantly different or not. A ’+’ or ’-’ denotesthat the EFCM controller or standardTCP is
significantlybetter. A ’=’ meansthatwith thesimulationresultsnosignificantdifferencebetweenthe
EFCM andthestandardTCPcontrollercanbeconcluded.Thedetailsof thestatisticalevaluationof
thesimulationresultscanbefoundin AppendixB of this technicalreport.

For standardTCP connectionsthe meaninitial smoothedround trip time and the meaninitial
roundtrip timevariancearenotapplicable(N/A) for thecomputationof theinitial timeouttimer, i.e.,
theinitial timeouttimer is setto thefixedstandardvalue.

For all simulationscenariosthedifferentTCPcontrollers(standardTCP/noEFCM, EFCM) are
investigatedfor a simulatedtime of 250000s in eachsimulationrun. In this simulatedtime approx-
imately22150TCPconnectionsstartingat the (EFCM) endsystemcanbeobserved. Only someof
them,i.e., thoseTCP connectionswhich have concurrentTCP connections,arecontrolledor could
be controlledby the new network information reuseandcommoncongestioncontrol mechanisms
provided by the EFCM controller. In the simulationmodelandwith the chosentraffic load model
thepercentageof concurrentTCP connectionsis relatively low. For example,an averagecomputa-
tion over all simulationswith a router-routerdelayof 10 msshows thatapproximately4.3 % of the
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new TCP connectionsin the reliable last hop scenariosandapproximately9.1 % of the new TCP
connectionsin theunreliablelasthopscenariosarecontrolledor couldbecontrolledby theEFCM.

In all simulationswith the EFCM controllerandwith the observed occurrenceof having con-
currentTCPconnectionsthemeanthroughputof thebackgroundTCPconnectionsis not negatively
affectedby theseEFCM-controlledTCPconnections.Therefore,theEFCM-controlledTCPconnec-
tionsareno moreaggressive to thenetwork thanstandardTCPconnections.
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5.2 Scenario1: 10 ms router-router delay, reliable last hop

Table5.1 shows the simulationresultsfor new TCP connectionsenteringan ensemble.Compared
to standardTCP, new shortTCPconnectionsbenefitfrom theEFCM controllerwith a largegainof
approximately51 % for theoverall meanthroughputandof approximately28 % for theconnection-
orientedmeanthroughput.New WWW TCPconnectionsslightly benefitfrom theEFCM controller
with againof approximately3 % for theoverallmeanthroughputcomparedto standardTCP. For the
connection-oriented meanthroughputthestandardTCPandtheEFCM controllerachieve almostthe
sameresultsfor new WWW TCPconnections

Table5.1: Simulationresultsof Scenario1 (new TCPconnections)— V]F is theoverallmeanthrough-
put, V J is theconnection-oriented meanthroughput,\ denotesthestatisticalsignificanceof thesim-
ulation results(’+’: EFCM controller is significantlybetter, ’=’: no significantdifferencebetween
standardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V�F of new TCP1 ���"�^-_� ��#/�!��* `
TCPconnections TCP2 *� ��!*� #3�a�! "� �

[segments/second] TCP3 #3�a�! "� #"���!0�* �V J of anew TCP1 �������X) )a�"�!03- `
TCPconnection TCP2  3-b�!*�*  ����!��0 �

[segments/second] TCP3  ����!��)  �*������ �
cwndof anew TCP1 ������� ���"�^-_�

TCPconnection TCP2 �������  ��!�a�
[segments] TCP3 �������  ��^-$�

ssthreshof anew TCP1 *3-b����� *�)��E�@*
TCPconnection TCP2 *3-b����� *�)��!��)

[segments] TCP3 *3-b����� *�)��^-$0
srtt of anew TCP1 N/A #/�^-�-

TCPconnection TCP2 N/A *��!�a�
[ns-2time unit] TCP3 N/A *��E�@ 
rttvar of anew TCP1 N/A )��! � 

TCPconnection TCP2 N/A )��!���
[ns-2time unit] TCP3 N/A )��!�3-

Table5.2showsthesimulationresultsfor concurrentTCPconnectionsof anensemble.Compared
to standardTCP theEFCM controllerproducesa slight degradationof approximately4 % for both
throughputmetrics. Theseresultsshow that concurrentEFCM-controlledTCP connectionsareno
moreaggressive to the network in termsof bandwidthconsumptionthanconcurrentstandardTCP
connections.Thehugefairnessimprovementof theEFCMcontrollerfor concurrentTCPconnections
is remarkable.
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Table5.2: Simulationresultsof Scenario1 (concurrentTCPconnections)— V F is theoverall mean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections *"�a�!��0 �� ����X �

[segments/second]V J of aconcurrent
TCPconnection �"�a�! "� -$0����X) �

[segments/second]>/?
of concurrent

TCPconnections �a�(#"0�)X# �a�!0�)�0"� `
[]

.
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5.3 Scenario2: 10 ms router-router delay, unreliable last hop

Table5.3 shows the simulationresultsfor new TCP connectionsenteringan ensemble.Compared
to standardTCP, the EFCM controller achieves a hugegain for the overall meanthroughputfor
bothnew short(116%) andnew WWW TCP(57%) connections.For theconnection-orientedmean
throughputtheEFCMcontrollerachievesagainof approximately9 % for new shortTCPconnections
andof approximately7 % for new WWW TCPconnections.

Table5.3: Simulationresultsof Scenario2 (new TCPconnections)— V F is theoverallmeanthrough-
put, V J is theconnection-oriented meanthroughput,\ denotesthestatisticalsignificanceof thesim-
ulation results(’+’: EFCM controller is significantlybetter, ’=’: no significantdifferencebetween
standardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V F of new TCP1 ���!�3- ���"�!)3- `
TCPconnections TCP2 )�)��!0�� ��)��^-$� `

[segments/second] TCP3 )3-b�!��� ��)��! �) `V J of anew TCP1 �X#/�(#�- *�)����X� `
TCPconnection TCP2 0�)��^-_� 0�0��!�a� `

[segments/second] TCP3 0����!0X# 0�0��^-$* `
cwndof anew TCP1 ������� -b�!)a�

TCPconnection TCP2 ������� )��! ��
[segments] TCP3 ������� )��!0a�

ssthreshof anew TCP1 *3-b����� -$�����X*
TCPconnection TCP2 *3-b����� �"�a�!���

[segments] TCP3 *3-b����� �"�a���X*
srtt of anew TCP1 N/A ���!*��

TCPconnection TCP2 N/A ���!���
[ns-2time unit] TCP3 N/A ���!�X#
rttvar of anew TCP1 N/A �"�!��*

TCPconnection TCP2 N/A �"���$#
[ns-2time unit] TCP3 N/A �"���X0

Table5.4 shows the simulationresultsfor concurrentTCP connectionsof an ensemble.Com-
paredto standardTCP, the EFCM controllerachieves a large gain of the overall meanthroughput
of approximately31 % anda gain of theconnection-oriented throughputof approximately8 % for
concurrentTCPconnections.For concurrentTCPconnectionsonly a slight fairnessimprovementof
theEFCMcontrollercanbeobserved.
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Table5.4: Simulationresultsof Scenario2 (concurrentTCPconnections)— V F is theoverall mean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections )X#/�!*�0 -$0��^-�- `

[segments/second]V J of aconcurrent
TCPconnection #3�a�! �) #"*��!*�0 `

[segments/second]>/?
of concurrent

TCPconnections �a�! "�b�@) �a�! �����0 `
[]

Copyrightat TechnicalUniversity Berlin. All
Rightsreserved.

TKN-02-005 Page19



TU BERLIN

5.4 Scenario3: 30 ms router-router delay, reliable last hop

Table5.5 shows the simulationresultsfor new TCP connectionsenteringan ensemble.Compared
to standardTCP, new shortTCPconnectionsbenefitfrom theEFCM controllerwith a largegainof
approximately66 % for theoverall meanthroughputandof approximately45 % for theconnection-
orientedmeanthroughput.New WWW TCPconnectionsalsobenefitfrom theEFCMcontrollerwith
a gain of approximately20 % for the overall meanthroughputandof approximately17 % for the
connection-oriented meanthroughputcomparedto standardTCP.

Table5.5: Simulationresultsof Scenario3 (new TCPconnections)— V]F is theoverallmeanthrough-
put, V J is theconnection-oriented meanthroughput,\ denotesthestatisticalsignificanceof thesim-
ulation results(’+’: EFCM controller is significantlybetter, ’=’: no significantdifferencebetween
standardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V�F of new TCP1  ��!0"� �.-b�! a� `
TCPconnections TCP2 )�0��!��� -/#/�E��� `

[segments/second] TCP3 )� ��! �0 -/#/�E�.- `V J of anew TCP1 �@*��!��* ��)��!03- `
TCPconnection TCP2 �����!*�� *a�"�!��� `

[segments/second] TCP3 �a�"�^-/# *a�"����� `
cwndof anew TCP1 ������� 0��E�@*

TCPconnection TCP2 ������� #/�E��#
[segments] TCP3 ������� #/���X 

ssthreshof anew TCP1 *3-b����� �3-b�^-$)
TCPconnection TCP2 *3-b����� ��*��! �)

[segments] TCP3 *3-b����� ��*��!*�0
srtt of anew TCP1 N/A �@���! �)

TCPconnection TCP2 N/A ���"���$#
[ns-2time unit] TCP3 N/A �c�a�! X#
rttvar of anew TCP1 N/A *��^-/#

TCPconnection TCP2 N/A ���!*�*
[ns-2time unit] TCP3 N/A ���!���

Table5.6showsthesimulationresultsfor concurrentTCPconnectionsof anensemble.Compared
to standardTCP, the EFCM controllerachieves a gain of the overall meanthroughputof approxi-
mately12 % anda gainof theconnection-oriented throughputof approximately11 % for concurrent
TCPconnections.Thehugefairnessimprovementof theEFCM controllerfor concurrentTCPcon-
nectionsis remarkable.
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Table5.6: Simulationresultsof Scenario3 (concurrentTCPconnections)— V F is theoverall mean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections )����!��) )�*��E�c� `

[segments/second]V J of aconcurrent
TCPconnection )a�"�!0�0 )����^-�- `

[segments/second]>/?
of concurrent

TCPconnections �a�! �)X#"� �a�!0a�@)�) `
[]
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5.5 Scenario4: 30 ms router-router delay, unreliable last hop

Table5.7 shows the simulationresultsfor new TCP connectionsenteringan ensemble.Compared
to standardTCP, new shortTCPconnectionsbenefitfrom theEFCM controllerwith a largegainof
approximately87 % for theoverall meanthroughputandof approximately18 % for theconnection-
orientedmeanthroughput.New WWW TCPconnectionsalsobenefitfrom theEFCMcontrollerwith
a largegainof approximately55 % for theoverall meanthroughputandof approximately13 % for
theconnection-orientedmeanthroughputcomparedto standardTCP.

Table5.7: Simulationresultsof Scenario4 (new TCPconnections)— V]F is theoverallmeanthrough-
put, V J is theconnection-oriented meanthroughput,\ denotesthestatisticalsignificanceof thesim-
ulation results(’+’: EFCM controller is significantlybetter, ’=’: no significantdifferencebetween
standardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V�F of new TCP1 ���E�@ 0��!*� `
TCPconnections TCP2 ��*��(#3� -_�"���X0 `

[segments/second] TCP3 ��*��!��� -X�a�(#"0 `V J of anew TCP1 �����!)a� ��0��!0� `
TCPconnection TCP2 ��)��^-/# *a�"�!��) `

[segments/second] TCP3 �3-b�E�@* *"�a�^-$ `
cwndof anew TCP1 ������� -b�!�� 

TCPconnection TCP2 ������� )��! �*
[segments] TCP3 ������� )��! ��

ssthreshof anew TCP1 *3-b����� -�-b���X*
TCPconnection TCP2 *3-b����� -$0��!�"�

[segments] TCP3 *3-b����� -$ ��(#��
srtt of anew TCP1 N/A ���!0a�

TCPconnection TCP2 N/A ���E��#
[ns-2time unit] TCP3 N/A ���!���
rttvar of anew TCP1 N/A �"�! X#

TCPconnection TCP2 N/A �"�(#"*
[ns-2time unit] TCP3 N/A �"�(#"*

Table5.8showsthesimulationresultsfor concurrentTCPconnectionsof anensemble.Compared
to standardTCP, theEFCMcontrollerachievesalargegainof theoverallmeanthroughputof approx-
imately35% andagainof theconnection-oriented throughputof approximately16% for concurrent
TCPconnections.TheEFCM controllersignificantlyimprovesthefairnessbetweenconcurrentTCP
connections.

Copyrightat TechnicalUniversity Berlin. All
Rightsreserved.

TKN-02-005 Page22



TU BERLIN

Table5.8: Simulationresultsof Scenario4 (concurrentTCPconnections)— V F is theoverall mean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections �X#/�!*a� )X#/�E�@* `

[segments/second]V J of aconcurrent
TCPconnection )X#/�!��) -$)��^-$� `

[segments/second]>/?
of concurrent

TCPconnections �a�! a��#" �a�! ��a�@� `
[]
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5.6 Scenario5: 50 ms router-router delay, reliable last hop

Table5.9 shows the simulationresultsfor new TCP connectionsenteringan ensemble.Compared
to standardTCP, new shortTCPconnectionsbenefitfrom theEFCM controllerwith a largegainof
approximately70 % for theoverall meanthroughputandof approximately50 % for theconnection-
orientedmeanthroughput.New WWW TCPconnectionsalsobenefitfrom theEFCMcontrollerwith
a largegainof approximately29 % for theoverall meanthroughputandof approximately24 % for
theconnection-orientedmeanthroughputcomparedto standardTCP.

Table5.9: Simulationresultsof Scenario5 (new TCPconnections)— V]F is theoverallmeanthrough-
put, V J is theconnection-oriented meanthroughput,\ denotesthestatisticalsignificanceof thesim-
ulation results(’+’: EFCM controller is significantlybetter, ’=’: no significantdifferencebetween
standardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V�F of new TCP1 #/�!��� �@���! �� `
TCPconnections TCP2 ��0��! �) )�0��!��0 `

[segments/second] TCP3 )"�a�(#" )� ��!��� `V J of anew TCP1 �@���!*"� �@ ��!0�* `
TCPconnection TCP2 -X�a�!)"� �"�a�^-$� `

[segments/second] TCP3 -_�"�E�@0 �"�a�!*3- `
cwndof anew TCP1 �������  ��!��)

TCPconnection TCP2 ������� #/���$#
[segments] TCP3 ������� #/���$#

ssthreshof anew TCP1 *3-b����� �3-b�^-$*
TCPconnection TCP2 *3-b����� ��*��!)�0

[segments] TCP3 *3-b����� ��*��^-$0
srtt of anew TCP1 N/A �@*��E�@�

TCPconnection TCP2 N/A �.-b�!�"�
[ns-2time unit] TCP3 N/A �.-b�E�@*
rttvar of anew TCP1 N/A #/���$#

TCPconnection TCP2 N/A *��^-�-
[ns-2time unit] TCP3 N/A *��!��0

Table5.10shows thesimulationresultsfor concurrentTCPconnectionsof an ensemble.Com-
paredto standardTCP, theEFCMcontrollerachievesagainof theoverallmeanthroughputof approx-
imately13% andagainof theconnection-oriented throughputof approximately12% for concurrent
TCPconnections.Thehugefairnessimprovementof theEFCM controllerfor concurrentTCPcon-
nectionsis remarkable.
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Table5.10:Simulationresultsof Scenario5 (concurrentTCPconnections)— V F is theoverallmean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections �����!�"� �� ��(#3� `

[segments/second]V J of aconcurrent
TCPconnection �������"- �� ��E�@* `

[segments/second]>/?
of concurrent

TCPconnections �a�! 3-_�@* �a�!0��"�$# `
[]
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5.7 Scenario6: 50 ms router-router delay, unreliable last hop

Table5.11shows thesimulationresultsfor new TCPconnectionsenteringanensemble.Compared
to standardTCP, new shortTCPconnectionsbenefitfrom theEFCM controllerwith a largegainof
approximately81 % for theoverall meanthroughputandof approximately18 % for theconnection-
orientedmeanthroughput.New WWW TCPconnectionsalsobenefitfrom theEFCMcontrollerwith
a largegainof approximately54 % for theoverall meanthroughputandof approximately19 % for
theconnection-orientedmeanthroughputcomparedto standardTCP.

Table 5.11: Simulation resultsof Scenario6 (new TCP connections)— V�F is the overall mean
throughput,V J is the connection-orientedmeanthroughput, \ denotesthe statisticalsignificance
of thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’: no significantdifference
betweenstandardTCPandEFCMcontroller, ’-’: standardTCPis significantlybetter)

no EFCM EFCM \V�F of new TCP1 -b�(#"0  ��!*�� `
TCPconnections TCP2 �a�"�!�"� )����!)�) `

[segments/second] TCP3 �"�a�!0�� )����(#�� `V J of anew TCP1 �@*��!*�* �@0��(#�� `
TCPconnection TCP2 )�*��! � -$)��(#"� `

[segments/second] TCP3 )�*��!0"� -$)��! X# `
cwndof anew TCP1 ������� -b�E��#

TCPconnection TCP2 ������� )��! ��
[segments] TCP3 ������� )��! �)

ssthreshof anew TCP1 *3-b����� -$)��!*� 
TCPconnection TCP2 *3-b����� -$ ��!�X#

[segments] TCP3 *3-b����� -$ ��(#" 
srtt of anew TCP1 N/A 0��^-_�

TCPconnection TCP2 N/A  ��!)� 
[ns-2time unit] TCP3 N/A  ��!)�*
rttvar of anew TCP1 N/A ���!�� 

TCPconnection TCP2 N/A ���!�a�
[ns-2time unit] TCP3 N/A ���!��*

Table5.12shows thesimulationresultsfor concurrentTCPconnectionsof an ensemble.Com-
paredto standardTCP, the EFCM controllerachieves a large gain of the overall meanthroughput
of approximately34 % and a gain of the connection-oriented throughputof approximately19 %
for concurrentTCPconnections.TheEFCM controllersignificantlyimprovesthe fairnessbetween
concurrentTCPconnections.
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Table5.12:Simulationresultsof Scenario6 (concurrentTCPconnections)— V F is theoverallmean
throughput,V J is theconnection-orientedmeanthroughput,

>/?
is themeanfairnessindex, \ denotes

thestatisticalsignificanceof thesimulationresults(’+’: EFCM controlleris significantlybetter, ’=’:
no significantdifferencebetweenstandardTCP andEFCM controller, ’-’: standardTCP is signifi-
cantlybetter)

noEFCM EFCM \V�F of concurrent
TCPconnections �a�"�E�@ �� ��^-$� `

[segments/second]V J of aconcurrent
TCPconnection �3-b�!0�� ��0��(#" `

[segments/second]>/?
of concurrent

TCPconnections �a�! ��� � �a�! ���0�0 `
[]
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5.8 Summary and discussion

Evidently, thebenefitsanddisadvantagesof a a joint congestioncontroldependto a largedegreeon
thesystemscenario.To summarize:� Reliable last hop scenario: In all consideredscenarioswith a reliable last hop, for new

shortTCPconnectionstheEFCM controllerachievesa considerablegain in theoverall mean
throughputover standardTCP. In Scenario1, for new WWW TCP connectionsthe EFCM
controllerslightly increasesthe overall meanthroughputcomparedto standardTCP. In Sce-
nario 3 and5, the EFCM controllernoticeablyincreasestheoverall meanthroughputof new
WWW TCPconnectionscomparedto standardTCP. For concurrentTCPconnectionsno real
differencecanbeobservedfor theoverallmeanthroughputbetweenstandardTCPandEFCM-
controlledTCPin Scenario1. In Scenario3 and5, theoverall meanthroughputof concurrent
TCP connectionsis higherif they areEFCM-controlled.A hugefairnessgain for concurrent
TCPconnectionscanbeobservedif theEFCMcontrolleris used.

For new shortandfor new WWW TCPconnectionstheperformancegainof theEFCM con-
troller increaseswith theroundtrip timebetweentheTCPsendersandtheTCPreceivers.This
expectedresultis basedon thenetwork informationreusealgorithmsof theEFCM controller
that lower thenegative influenceof standardTCPslow startmechanismon the throughputof
TCP connectionsover pathswith large round trip times. The samecorrelationbetweenthe
throughputandtheroundtrip timecanbeobservedfor concurrentTCPconnections.

Figures5.1 and5.2 show sometypical processesof the congestionwindow sizeandthe se-
quencenumberfor either two standardTCP connectionsor two EFCM-controlledTCP con-
nectionsof oneensembleover a reliablelast hop (Scenario1). In Figure5.1, the concurrent
TCP connectionsareseparatelycontrolledandobtaindifferentcongestionwindow sizes. In
Figure5.2,theconcurrentTCPconnectionsarejointly controlledandobtainthesameconges-
tion window sizes.It canbeseenthatoneof theconcurrentTCPconnectionshassometimesa
burstysendingbehavior, sincethecurrentEFCM controllerhasno built-in ratepacingmecha-
nism.� Unreliablelasthopscenario:In all consideredscenariosandfor bothnew shortandnew WWW
TCP connectionsandfor concurrentTCP connections,theEFCM controllerachievesa large
gainin theoverall meanthroughputcomparedto standardTCP. Therefore,a commonconges-
tion control for TCPconnectionscanpartly prevent thenegative influenceof packet lossesin
thelasthopof thenetwork onthethroughputof TCPconnections.Theonly slight fairnessgain
of the EFCM controllerfor concurrentTCP connectionscanbe explainedasfollows: If two
or moreTCPconnectionsof oneensembleareestablishedin parallelduringonemeasurement
periodfor thefairnessindex, they have equalvaluesfor their jointly controlledTCPvariables.
This is ensuredby theEFCM controller. But theEFCM controllercannot prevent that these
TCPconnectionsobserve differentsegmentlossfrequenciesduring this measurementperiod.
Therefore,someTCPsendershave to wait for acknowledgmentswhile otherTCPsenderscan
sendtheir (new) segments.As a result, the concurrentTCP connectionsof an ensemblecan
have (very) different throughputsin a measurementperiod. Hence,the fairnessindex canbe
low.
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For new shortTCPconnectionstheperformancegainof theEFCMcontrollerdecreasesbut re-
mainsonahigh level with theroundtrip timebetweentheTCPsendersandtheTCPreceivers.
For new WWW TCPconnectionstheperformancegainof theEFCMcontrolleris nearlyinde-
pendentfrom theroundtrip time. For concurrentTCPconnectionstheperformancegainof the
EFCM controllerslightly increaseswith theroundtrip time.

Figures5.3 and5.4 show sometypical processesof the congestionwindow sizeandthe se-
quencenumberfor eithertwo standardTCPconnectionsor two EFCM-controlledTCPconnec-
tionsover anunreliablelasthop. In Figure5.3,theconcurrentTCPconnectionsareseparately
controlledandusedifferentcongestionwindow sizes.In Figure5.4, theconcurrentTCPcon-
nectionsarejointly controlledandusethesamecongestionwindow sizes.Dueto packet losses
someconcurrentTCPconnectionshave to wait for a longerperiodof time to sendsomenew
segments.But thenegative influenceof packet losseson thethroughputof TCPconnectionsis
noticeablyabsorbedby acommoncongestioncontrol.Dueto thesmallerincreaseof theaggre-
gatedcongestionwindow sizecomparedto thescenarioswith a reliablelasthopa remarkable
decreaseof theburstysendingbehavior of concurrentTCPconnectionscanbeobserved.

In the unreliablelast hop scenariothe EFCM controllersignificantlyimprovesboth throughput
metricscomparedto standardTCP. In this scenariothe negative influenceof packet losseson the
throughputof TCP connectionscanbe compensatedfor by sharingthe decreasedcongestionwin-
dow andslow start thresholdof the TCP connectionaffectedby packet lossesamongall ensemble
members.

Figures5.5and5.6show thehistogramsof thefairnessindex for concurrentstandardor EFCM-
controlledTCPconnectionsfor both lasthopscenariosin thesimulationswith a router-routerdelay
of 10 ms. Especiallyfor thereliablelasthopscenariothepositive influenceof theEFCM controller
on thefairnessof concurrentTCPconnectionsis obvious. Figures5.7and5.8show thehistograms
of the throughputfor concurrentstandardor EFCM-controlledTCP connectionsfor both last hop
scenariosin thesimulationswith a router-routerdelayof 10 ms.

It is remarkablethat in the simulationScenario2 with an unreliablelast hop the connection-
orientedmeanthroughput(not the overall meanthroughput!) of mostTCP connectionswhich are
controlledor couldbecontrolledby theEFCM approachis higherthanin thesimulationScenario1
with areliablelasthop.But this—atfirstastonishing—resultcanbeeasilyexplained:Thebackground
traffic TCPconnectionswith receiversin thereceiver LAN areoftenaffectedby packet lossesin the
unreliablelast hop. Due to the TCP congestioncontrol algorithmsthesebackgroundtraffic TCP
connectionsreachasmalleroverall sendingrate,allocatelessbandwidth,andproduceasubstantially
lower load in the receiver LAN. TheotherTCPconnectionswith receiversin the receiver LAN are
alsoaffectedby packet lossesin the unreliablelasthop. But from a singleTCP connection’s point
of view, the lower load in the sharedmediumof the receiver LAN cansometimescompensatefor
andeven overcompensatefor the in generalnegative influenceof packet lossesin anunreliablelast
hopon themeanthroughputof a TCPconnection.For example,mostof theshortTCPconnections
andsomeof theWWW TCPconnectionsarenot affectedat all by packet lossesduringtheir whole
lifetime. TheseTCPconnectionscanhighly benefitfrom thelowerloadin thereceiverLAN andreach
a higherconnection-orientedmeanthroughput.Therefore,theobserved higherconnection-oriented
meanthroughputin the unreliablelast hop scenariois only basedon the lower load in the receiver
LAN.
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In Table 5.13 the performanceof the EFCM controller derived from the simulationresultsis
summarized.

Table5.13:Performanceof theEFCMcontrollerfor thedifferentscenarios— VPd.egfGh ikj.lmkn or V d.egfGh f_f_f
aretheoverallmeanthroughputfor shortor WWW TCPconnections,Vpo ld orq mkm�erdSn is theoverallmean
throughputfor concurrentTCP connections,

>/? h o ld orq mkm�erdsn is the meanfairnessindex for concurrent
TCPconnections

Reliablelasthop UnreliablelasthopVPd.egfth i�j.lmun ++ ++V d.egfth fvf_f =, +, + ++V o ld orq m�mkerdsn =, +, + ++>/? h o ld orq mkm�erdsn ++ +

A ’++’ or ’+’ denotesthat theEFCM controllerachievesa large gainor a gain (with respectto
theperformancemetric shown in this row) comparedto thestandardTCP controller;a ’=’ denotes
that no significantgain betweenthe standardTCP and the EFCM controller can be observed. If
the performanceof the EFCM controller for a specificvalue is different in the scenariosthen the
performanceresultof eachscenariois statedin thecell of thetablewhichbelongsto thisvalue.
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Figure5.1: StandardTCPconnectionsover a reliablelasthop(Scenario1) — w and x representthe
first andsecondTCPconnectionof anensemble,respectively
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Figure 5.2: EFCM-controlledTCP connectionsover a reliable last hop (Scenario1) — w and x
representthefirst andsecondTCPconnectionof anensemble,respectively
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Figure5.3: StandardTCPconnectionsover anunreliablelasthop(Scenario2) — w and x represent
thefirst andsecondTCPconnectionof anensemble,respectively
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Figure5.4: EFCM-controlledTCPconnectionsover anunreliablelasthop(Scenario2) — w and x
representthefirst andsecondTCPconnectionof anensemble,respectively
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Figure5.5: Fairnessindex histogramfor concurrentstandardor EFCM-controlledTCPconnections
over a reliablelasthop(Scenario1)
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Figure5.6: Fairnessindex histogramfor concurrentstandardor EFCM-controlledTCPconnections
over anunreliablelasthop(Scenario2)
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Figure5.7:Throughputhistogramfor concurrentstandardor EFCM-controlledTCPconnectionsover
a reliablelasthop(Scenario1)
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Figure5.8:Throughputhistogramfor concurrentstandardor EFCM-controlledTCPconnectionsover
anunreliablelasthop(Scenario2)
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Chapter 6

Conclusionand Outlook

Thesimulationresultsshow that thecommoncongestioncontrolapproachEFCM improvestheper-
formanceof standardTCP. If the EFCM controller is usedin a scenariowith a reliable last hop, a
remarkablyimprovedfairnesscanbeobservedbetweenconcurrentTCPconnectionsof anensemble.
Also, shortconnectionsenjoy a muchimproved throughput.In theunreliablelasthopscenario,the
EFCM approachsignificantlyimprovesthethroughputof concurrentTCPconnectionsof anensem-
ble. Particularly for suchunreliablelast hop scenariosthe usageof the EFCM approachis highly
recommended.

ThesebenefitsareachieveddespitethefactthattheEFCM controllerinvestigatedhereusesrela-
tively simplealgorithms.In futureinvestigationsof theEFCM approach,somemorecomplex algo-
rithmswill beconsidered,in thegivensimulationmodelwith theheredescribedparametersettingas
well asin extendedsimulationmodelswith thesameandotherparametersettings.For example,if
oneTCPconnectionof anensembledoesnot useits whole fair shareof theaggregatedsendingrate
in agiventime interval thentheotherTCPconnectionsof theensembleshouldincreasetheirsending
rateto reachtheallowed aggregatedsendingrate. The intermittentlysilent TCP connectionshould
getacreditfor thisunusedsendingrateto beallowedto haveasendingratehigherthanthefair share
in the future. This new controllermechanismcanbe implementedby usinga utilization factorfor
eachTCPconnectionin anensemble.More generally, allowing thecontrollerto adaptsendingrates
within anensembleenablesnew form of applicationsupport.As anexample,thetransportlayercould
supportinteractive applicationsby assigningthema greatershareof anensemble’s total bandwidth
budgetandreducingthis shareagainwhentheapplicationhasno datato send(compensatingother
applicationsfor theirbacklog).

Anotherimportantextensionof thecurrentEFCM controlleris theimplementationof a ratepac-
ing mechanismto prevent a bursty sendingbehavior, which canoccurfor new and,in somecases,
concurrentTCPconnectionsof anensemble.Thescopeof anensemblecanbeextendedby includ-
ing informationfrom recentlyclosedconnections,assumingthat thenetwork conditionsareslowly
varyingat best;thespeedwith which suchinformationbecomesinaccurateis animportantparame-
ter for suchanundertaking.In a similar vein, theEFCM approachcouldalsobeusedfor handover
TCPconnections,i.e.,TCPconnectionswhosemobilereceiversperformahandover. In thiscase,the
handover mustbenon-transparentfor thetransportlayerof theEFCMendsystem.

Themid-termobjective will be theextensionof theEFCM approachto jointly controlTCPand
UDP datastreams,i.e., to reacha TCP-friendly behavior of UDP datastreamsin an EFCM end
system.In addition,it is plannedto implementa framework for acommoncongestioncontrollerinto
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thelinux kernelto evaluatetheperformanceof theEFCMcontrollerby measurementsin theInternet
environment.
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Appendix A

Complexity of the curr ent EFCM
controller

Thecomplexity of acontrollercanbeexpressedusingtheO-calculus[6] thatgivesanasymptoticup-
perboundof acomplexity metric,e.g.,thetimeor spaceconsumptionof analgorithmor acontroller.
Here,thetimeandspacecomplexity of theEFCMcontrolleris comparedwith standardTCPby using
animplementationof theEFCM controllerwhich is optimizedfor timeconsumption.

Let y be the numberof jointly controlledTCP variablesof the EFCM controller. For y fs of
theseTCPcontrolvariablesa fair sharecalculation,e.g.,for thecongestionwindow sizeor theslow
startthreshold,andfor the remainingy w TCPcontrol variablesa weightedcalculation,e.g.,for the
smoothedroundtrip timeandtheroundtrip timevariance,is used.Let � bethenumberof concurrent
TCP connectionswhich form an ensembleandarejointly controlledby the EFCM controller. For
every changeof oneof the jointly controlledTCP variablesof the EFCM controller, the additional
timeconsumptionof theEFCMcontrollercomparedwith standardTCPcanbeestimatedas:

# Additions �r`{z@�p
 � |}�~��

# Multiplications �7LZz���
�� |}�~��

# Assignments � |}���G


The consideredimplementationof the EFCM controller hasan additionalspaceconsumption
comparedto standardTCP whoseupperboundis in |}����L/y fs `'y w 
 per ensemble.If an EFCM
controllerhasto manage� ensemblesat thesametime theupperboundof theadditionalspacecon-
sumptionis in |��g��` C9�6EDGF ��6�LHy fs h 6�`	y w h 6r
 wheretheadditional� in theequationrepresentsthespace
consumptionof thesearchlist that is usedto determinewhethera new TCPconnectioncanjoin an
existing ensembleor not. Theoverall additionaltime andspacecomplexity of theEFCM controller
comparedto standardTCPis low. And this additionalcomplexity, exceptfor thesearchlist, is only
neededif theEFCM controllerhasto manageTCPconnectionsin anensemble.
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Appendix B

Statistical Evaluation

B.1 Statistical evaluation method

For thesimulatedscenarioswith eithera reliableor anunreliablelasthoptheresultsof thestandard
TCP(noEFCM) controllerarestatisticallycomparedwith theresultsof theEFCM controller.

The statisticalevaluationmethodusedfor this comparisonis called the t-test for unpairedob-
servationsof two alternatives andis describedin detail in [4]. The main ideaof this methodis to
computea confidenceinterval for thedifferenceof themeanvaluesof bothalternativesfor a given
confidencelevel. Thenthedecisioncriterionis:� If theconfidenceinterval includeszero,thenthetwo alternativescannotbedistinguished.� If theconfidenceinterval is above/below zero,thenthefirst/secondalternative is thebetterone.

Testswith confidenceintervals give not only a yes-noanswerlike otherhypothesistests,they also
giveananswerto thequestionhow precisethedecisionis. A narrow confidenceinterval indicatesthat
theprecisionof thedecisionis highwhereasawideconfidenceinterval indicatesthattheprecisionof
thedecisionis ratherlow.

This t-test for unpairedobservationsof two alternatives is usedfor the statisticalevaluationof
the simulationresultsfor both the overall meanthroughput( V�F ) andthe connection-orientedmean
throughput( V J ) of new or concurrentTCPconnectionscontrolledby thestandardTCPor theEFCM
controllerandthemeanfairnessindex (

>�?
) of concurrentTCPconnections.

The valuesfor this statisticalevaluationareproducedby five independentsimulationruns for
every lasthopscenarioin thesimulationmodel.

B.2 Statistical evaluation results

In thefollowing TablesB.1 to B.6 thestatisticalevaluationof thesimulationresultsareshown. For
eachconfidenceinterval alsotheconfidencelevel ( �a�!0"� , �a�!0�� or �a�!0�0 ) is depicted.If thesimulation
resultsfor the standardTCP and the EFCM controller are not significantly different even for the
confidencelevel 0.90,thentheconfidenceinterval for theconfidencelevel 0.90is stated.
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TableB.1: Statisticalevaluationof the simulationresultsof Scenario1 (10 ms router-routerdelay,
reliablelasthop)

no EFCM � EFCMV�F of new TCP1 �a�!0�0��v�~�� ��!)���z@��)��!)�0X

TCPconnections TCP2 �a�!0"�}�v�~��#/�!)X#/z�`�)��E�.-/

[ ���919� conf()] TCP3 �a�!0"�}�v�~��*��!)X#/z�`������X*X
V J of anew TCP1 �a�!0�0��v�~�� ��E���"z@�����(#���

TCPconnection TCP2 �a�!0"�}�v�~�����!*�*�z�`��"�^-_��

[ ���919� conf()] TCP3 �a�!0"�}�v�~�����!*� �z�`��"�E�.-/
V�F of concurrent
TCPconnections �a�!0"�}�v�~���a�! � �z�`����!��0X

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�r`��a�!)���z�`�)��!�a��

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a�E�@*�z@���a�E�.-/

[ ���919� conf()]

TableB.2: Statisticalevaluationof the simulationresultsof Scenario2 (10 ms router-routerdelay,
unreliablelasthop)

no EFCM � EFCMV F of new TCP1 �a�!0�0��v�~��#/�!*���z@��-b�!�� X

TCPconnections TCP2 �a�!0�0��v�~�P��)��!����z@���@���(#"*X

[ ���919� conf()] TCP3 �a�!0�0��v�~�P��)��E�@ �z@���@���^-$�X
V J of anew TCP1 �a�!0�0��v�~��#/�!*"�az@��)����X�X

TCPconnection TCP2 �a�!0�0��v�~��0����X0�z@��)��E����

[ ���919� conf()] TCP3 �a�!0�0��v�~��0��!*"�az@��)��!)�0X
V F of concurrent
TCPconnections �a�!0�0��v�~���@)��! � �z@��0��!*�)X

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�~��#/�!����z@��-b�!�"�$

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a���X)�z@���a���X�X

[ ���919� conf()]
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TableB.3: Statisticalevaluationof the simulationresultsof Scenario3 (30 ms router-routerdelay,
reliablelasthop)

no EFCM � EFCMV�F of new TCP1 �a�!0�0��v�~��*��!0�0�z@��-b�! �)X

TCPconnections TCP2 �a�!0�0��v�~���c�a�!0�)�z@��-b�!�"�$

[ ���919� conf()] TCP3 �a�!0�0��v�~�����"�! � �z@��-b�!*��X
V J of anew TCP1 �a�!0�0��v�~��#/�(#"*�z@��#/�����$

TCPconnection TCP2 �a�!0�0��v�~���c�a�!��0�z@��*��!*�*X

[ ���919� conf()] TCP3 �a�!0�0��v�~�����"�!�� �z@��#/�(#"0X
V�F of concurrent
TCPconnections �a�!0�0��v�~�����E�@��z@�����!��0X

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�~��-b�!����z@�����!*3-/

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a���X �z@���a���$#�

[ ���919� conf()]

TableB.4: Statisticalevaluationof the simulationresultsof Scenario4 (30 ms router-routerdelay,
unreliablelasthop)

no EFCM � EFCMV F of new TCP1 �a�!0�0��v�~�����!)a�"z@��)��(#���

TCPconnections TCP2 �a�!0�0��v�~���@*��E�@��z@���@���!*��X

[ ���919� conf()] TCP3 �a�!0�0��v�~���@*��!)X#/z@���@���(#3�$
V J of anew TCP1 �a�!0�0��v�~�����!)�*�z@��)��!0� X

TCPconnection TCP2 �a�!0�0��v�~�� ��(#3�az@��*��! �)X

[ ���919� conf()] TCP3 �a�!0�0��v�~��#/�!0"�az@��-b�(#")X
V F of concurrent
TCPconnections �a�!0�0��v�~���c�a�^-$)�z@�� ��!*X#�

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�~��*��!����z@�����!�X#�

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a���"-bz@���a���X)X

[ ���919� conf()]
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TableB.5: Statisticalevaluationof the simulationresultsof Scenario5 (50 ms router-routerdelay,
reliablelasthop)

no EFCM � EFCMV�F of new TCP1 �a�!0�0��v�~��*����"-bz@��-b�!�"�$

TCPconnections TCP2 �a�!0�0��v�~�����"�!0�)�z@��#/�!�� X

[ ���919� conf()] TCP3 �a�!0�0��v�~��0��! � �z@�����!*"�$
V J of anew TCP1 �a�!0�0��v�~��*��!*a�"z@��*��E�@�X

TCPconnection TCP2 �a�!0�0��v�~�����"�E�@��z@��0��E�@)X

[ ���919� conf()] TCP3 �a�!0�0��v�~�����"�!����z@��#/�!*X#�
V�F of concurrent
TCPconnections �a�!0�0��v�~��-b�^-$��z@���"�!0X#�

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�~��)��! 3-bz@�����^-_��

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a���X0�z@���a���$#�

[ ���919� conf()]

TableB.6: Statisticalevaluationof the simulationresultsof Scenario6 (50 ms router-routerdelay,
unreliablelasthop)

no EFCM � EFCMV F of new TCP1 �a�!0�0��v�~��-b�^-$*�z@��)��!�X#�

TCPconnections TCP2 �a�!0�0��v�~���@���!*�)�z@��0��!*3-/

[ ���919� conf()] TCP3 �a�!0�0��v�~���@)����X0�z@���c�a�^-$�X
V J of anew TCP1 �a�!0�0��v�~��)��^-$��z@�����!*�0X

TCPconnection TCP2 �a�!0�0��v�~��#/�!����z@��*��E�.-/

[ ���919� conf()] TCP3 �a�!0�0��v�~�� ������az@�����!0��X
V F of concurrent
TCPconnections �a�!0�0��v�~��#/�! � �z@��*��!*�*X

[ ���919� conf()]V J of aconcurrent
TCPconnection �a�!0�0��v�~�����!)�0�z@��-b�!�X#�

[ ���919� conf()]>a?

of concurrent
TCPconnections �a�!0�0��v�~���a���"-bz@���a���X)X

[ ���919� conf()]
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B.3 Summary of the statistical evaluation

The statisticalevaluation of the simulation resultsshow for the throughputmetrics rather wide
confidenceintervals. For new short TCP connectionsthe EFCM controller reachessignificantly
higher throughputsin all consideredsimulationscenarios.With oneexceptionfor the lessimpor-
tant connection-oriented meanthroughputin Scenario1 (this might be only a randomeffect), for
new WWW or concurrentTCP connectionsthe EFCM controller reachesa significantlyhigheror
at leastnot a significantly lower throughputcomparedto standardTCP. And even for someresults
whereno statisticallysignificantdifferencebetweenthestandardTCPandtheEFCM controllercan
beobserved,a trendto theEFCMcontrollercanbenoticed.

In all simulationscenariosthefairnessindex of concurrentEFCM-controlledTCPconnectionsis
significantlyhigherthanthefairnessindex of concurrentstandardTCPconnections.
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Appendix C

Curr ent developmentsof the EFCM
controller

TheEFCM controlleris underdevelopment.Thecurrentversionof theEFCM controller(date:10.
June2002)hasa built-in ratepacingalgorithmthatpreventstheburstysendingbehavior of new and
concurrentTCPconnectionsin anensemble.In addition,a joint ack-clockingmechanismfor all TCP
connectionsof an ensembleis implementedthatallows a morefair proportioningof thenumberof
sentbut currentlynotacknowledgedsegments(i.e.,thein-flight segmentsof anensemble)ontheTCP
connectionsin anensemble.
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