A Queueing Network M odel of Short-Lived TCP Flows
with Mixed Wired and Wireless AccessLinks*

R.FracchiaM. Garetto,R.Lo Cigno

Dipartimentodi Elettronica— Politecnicodi Torino
CorsoDucadgyli Abruzzi,24—-1-10129Torino, Italy
e-mail: {fracchia,garetto,locigri@mail.tlc.polito.it

Abstract. We presentan analyticalmodel,basedon a Fixed Point Approxima-
tion (FPA) solution,thatcanbe usedto derive the performanceof differentsets
of TCP connectionghatshare andcompetefor, acommonresourcetypically a
link andits associatedbuffer. A setof TCPconnectionss agroupof connections
thatcanbe considerechomogeneou.g.,they have similar RTTs andall have a
wirelessaccessTCP connectionaremodeledthroughthe OMQN (OpenMulti-
classQueueingNetwork) paradigm.The conditionsthat definethe feasibility of
thesolutionandallow theconvergenceof themodelarediscusse@ndanapplica-
tion examplewith a RED buffer wherewired andwirelessconnectiongorverge
is presented.

1 Introduction

After the explosionof cellulartelephony, wirelessandmobile networks arebe-
comingmoreandmorepopularalsofor datatransmissionSpecializechetwork
architecturedjke WAP (WirelessApplicationProtocol)1-4] andi-mode[5, 6],
have beenproposednddeplg/edtrying to overcameheinevitableimpairments
of wirelesschannelsThesenew architecturesnayfinally find a positionin the
telecommunicatiomarket, but they donotseemableto substitutehetraditional
TCP/IParchitecturdor datatransmissionThe fastdiffusion of wirelessLANs
andthestandardizatioof new ultra-fastradiointerfaceqd7-9], togethemwith the
introductionof 3G cellular systemsjs a strongindicationthatthe useof stan-
dard,PC-basederminalsrunning TCP/IPandaccessinghe Internetthrougha
wirelessconnectiorwill beacommonscenaridn avery shorttime.
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Theinterestin theperformancef TCPoverwirelesschannelss thusonthe
rise,andtheissueof how well wirelessTCP connectionswill be ableto com-
petewith wired onesto sharenetworks resourcess matterof debate Several
simulation-basedtudieson wirelessTCP have appearedn recentyearq10,
11], and someeffort wasalso placedin trying to modelthe TCP behaior on
wirelesschannels capturingthe essentiafeatureof randomlossegl12]. TCP
in fact cant discriminatebetweenpaclets lost due to lossy links, and those
droppeddueto congestiorin the network.

The aim of this work is the extensionof the modelingtechniquebasedon
OMQN (OpenMulticlassQueueingNetwork) modelsof TCP, combinedwith a
Fixed Point Approximation(FPA) solution,to cover casesvhendifferentTCP
connectionsxperiencedifferent network conditionsbeforecompetingfor re-
sourceson one or more bottlenecks.One of the most interestingcaseis the
wireless/mobileaccessthat can significantly modify the loss probability per
ceivedby TCP connectionsleadingto unfair sharingof resourcesThoughthis
phenomenotis not new, to the bestof our knowledgethereareno otheranalyt-
ical approachesghatallows to predictthe performanceandunfairnessindex in
this situation.

2 Queuing Networks M odels of TCP

Modelsof TCPin recentliteratureare numerouswith methodsasdifferentas
heuristicanalysiswith empiricalvalidationasin [13], or sophisticatednathe-
maticalabstractionssin [14]. A quick discussiorof differentapproachesor
TCP modelingcanbe found in[15] andits repetitionhereis superflous\We
have successfullyusedqueueingmodelsof end-to-endorotocols, TCP beinga
particularcasejn severalworks[15—-19],sothatthe basicmodelingmethodwe
adoptin this work is alreadyextensvely describedandwe only recall hereits
mainfeatures.

An OMQN modelis a queueingnetwork modelin which all queuesare
M /G /. The customerf the OMQN represeni CP connectionsThe state
of a TCP connection(customer)s uniquelyidentifiedby a pair (¢, ¢), whereg
represents specificstateof the protocol,describedwith a queue,andc iden-
tifies the numberof remainingpacletsto be sentbeforethe completionof the
connectionAn OMQN modelis capableof describingary protocolwhosedy-
namicscanbedescribedvith a Finite StateMachine(FSM). The useof classes
to describethe backlogof the connectionallows modelingshortlived connec-
tions, which is indeedone of the main innovative characteristicof OMQNSs.
GiventheaverageRTT of connectionandthe averagepaclet lossprobability
the OMQN modeldefinesthe load offeredto the IP network by the aggregate



of the connectiongepresentedby all the customersurrentlyin the queueing
network. New TCP connectionenterthe systemwith rate A.,; andexit when
reachclassO, i.e., they have completedthe transmissionThe arrival rate, to-

getherwith theinitial classof customersthatdefinethe amountof information
to betransferredrepresenthe nominalload of the system.

An OMQN modelmustbe complementedvith a suitabledescriptionof the
network that TCP connectionsxploit to transferpaclets. The network model
mustbe capablegiventheload,to computethe basicparameterthatdrive TCP
perfomancetheaveragdossprobabilityandtheaverageRTT. Theoverall solu-
tion is obtainediteratingthe solutionof the two sub-modelsvith a Fixed Point
Approximation(FPA) techniqugseeFig. 1). Whencorvergenceis reachedthe
OMOQN allows the computationof the throughputandthe durationof connec-
tions.

Previousworks on OMQNSs concentrateanainly on the TCP model,some-
whatdisregardingtheunderlyinglP network. As discussedh Sect.3, thisworks
concentratefsteadon theinteractionof the OMQN modelswith the network,
exploring the possibility of analysingthe performancesf TCP connectionghat
experiencalifferentnetwork conditions but still have to competdor resources
on a bottleneck Sect4 presentsa simpleapplicationof the methodwheretwo
setsof TCP connectionspnewith awired accessandthe otherwith awireless
accesscompetefor network resource®n a RED-managedbuffer. Resultsare
validatedagainsins-2 [20] basedsimulations.

We referthereaderto[15-19]for ary furtherdetail on the useof queueing
networksin performancevaluationmodelingof TCP connections.

3 Merging Different OMQN M odels on a Bottleneck

One of the strengthsof FPA techniquesis allowing the decompositiorof an
extremelycomplex modelingprobleminto simplerandpartially decoupledsub-
models thatinteractsonly throughtheiterationprocedureThisis a classicap-
plication of the divide at impera (divide and conquer)principle. For instance
the model decompositiorallows using different modelingtechniqueto tackle
differenttasksin the modelingprocessindeed,partsof the systemcould also
be simulatedor realizedwith atestbednsteadof beinganalyticallymodeled.
Aiming at protocolperformancesvaluation,the naturalproblemdecompo-
sition is describingthe protocolwith onesub-modelndthe transportnetwork
with adifferentone.Iln the TCP/IPcase,TCPbecomesheprotocolunderanaly-
sisandthelP network, with everythingthatgoeswith it, theinformationtransfer
infrastructure We stressthe fact thatthe network sub-modeis not a modelof
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Fig. 1. Schematicepresentationf the Fixed PointApproximationmethodfor the modeldecom-
position,whenN setsof TCP connectiondoadthe network

the IP protocol,but of the way the IP network reactsto the load offeredby the
TCP protocol.

An OMQN model allows the descriptionof an homogeneous setof TCP
connectionsj.e., an ensambleof connectionghat sharea similar propagation
delay the samemaximumwindow size,the sameversionof the protocol(e.g.,
Tahoe NewRenoor SACK), etc.Herewe usethe OMQN TCP-NevRenomodel
presentedn [15].

Let /() bethe modelof the network and7 () be a genericOMQN model
of asetof TCP connectionsGivena synthetioworkload), anetwork modelre-
turnspaclet droppingprobabilities andpaclet transferdelays,in generakome
network parametersvV,, while a TCP model returnsa syntheticworkload A
given N,,. If TCP connectiondoadingthe network are not homogeneoughen
A andﬁp are,in thegenerakaseall vectors.

The conditionsfor an FPA approacho corverge is thatthereexist a single
combinationof A andN,, solvingthe system

Ny =N())
{)\i — Z(sz) (1)

Fig.1 represents casewherethe workloadsofferedby TCP connectiorsetsto
the network simply sum oneanotherandN; areobtainedfrom averagevalues
yieldedby the network model N througha modifying function F(N,, I;) that
includessomeadditionalinterferencel;, that doesnot enterthe FPA conver
genceprocesslin every TCP sub-modethereareindependenexternalarrivals
Aemtﬁ 1= 1, ,N

In thefollowing we shallusethis generaframevork to modelTCP connec-
tions mixed on the samebottleneckbut with etherogeneuaccesdinks. Every



Fig. 2. Network topologywith a RED (G1) routerandwired (D;) andwireless(W;) destinations

TCP modelis usedto describethe behaior of connectiondollowing routes
with differentcharacteristicsiepresentetdy thefunctionsF (N, I;).

4 Sample Applications

4.1 Network Topology

Considerasinglebottleneckwith agenericAQM (Active QueueManagement)
systemsayRED to focuson a specificcase with TCP connectiongonverging
from differentsubnetwrks: for instancea wired network throughrouterR and
a wirelessLAN througha basestationBS. Fig. 2 representshis simple, yet
interestingscenarioWired connectionganlosspacletsonly in the bottleneck,
while overthewirelesschannekherearefurtherlosses.

In theseexampleswe assumehe sameround-trip-timefor wired andwire-
lesspaths,in orderto simplify theinterpretatiorof results.

Thenetwork sub-models describedy a M X) /M (X) /1/ B queueandrep-
resentsan outputinterfaceof an IP routerwith a buffer of capacityB paclets.
Batcharrivalsandbatchservicesareintroducedo modeltraffic burstinessThis
representationvas introducedin [15] for DropTail routersandit is modified
hereto manageRED AQM. It recevesasinput the traffic generatedby TCP
connectionsgiven by thesumof the averagdoadsofferedby thedifferentTCP
sub-modelsWe supposehatthearrivalsfrom eachmodelarePoissorprocesses
with rate \; withi =1,.., N.

To modeltheclusteringof transmissionslueto TCP behaior we usebatch
arrivals.We assuméhatbatchesf pacletsarrive at therouterwith distribution
G = {g;} whereg; is the probability thatthe sizeof a groupis equalto j. The



loadgeneratedby every modelis:
Xi=Y jgi;  i=1,.,N )
j=1

whereg;, is the dimensionof the groupsfor each: TCP model. The average
load A offeredby TCP is the sumof the numberof the groupswith the same
dimensionjn orderto keepthetraffic burstinessilt results:

N N
A= N=>> jg; 3)
i=1 i=1j=1
Sowe have batcharrivals at the network queueandthe probability g ; thatthe
sizeof agroupis equalto 5 is givenhby:

gnj = ZQﬁ 4)

TCPburstinesshouldberepresentedith anarrival correlationfunctionwithin
an RTT, and not simply by burstsarrivals, since paclets never arrives at the
sameinstantat the routerbuffer. Batcharrivals area convenientmathematical
approximationthat, however, endsup in a very pessimisticassumptionin or-
derto compensaté¢his pessimisticassumptionwe usebatchservices.n[15]
and[19] therearefurtherexplanationsandvalidationtestsfor this assumption.

ThelP network sub-modekstimateshe pacletlossprobabilityandthe av-
erageround-trip-time ,comprisingqueuingdelayat the routeraswell aspropa-
gationdelays.Theseparametersrefed backto the TCP sub-modein anitera-
tive procedurdhatis stoppedonly whencornvergenceis reachedWe studythe
convergenceof bothlossprobability calculatedby the IP sub-modelndloads
offeredto the network. As canbe seenin Fig.1, the input parameteref TCP
sub-modelsrefunctionsof theresultsof the network model(the samefor each
model)andof thescenarigparameters; with : = 1, .., N, thatmaybedifferent
for every model. For thesereasonsf in two following stepsthe network pa-
rametersaarethe same sothatcorvergenceis reachedandif theinputscenario
parameterd; dont changealsothe loads\; arethe same.Sowhenthe loss
probabilitycorvemes,alsothedifferentloadsof thedifferentTCP modelsreach
the corvergencesincethey aredeterministicfunctionsof the network parame-
ters.It' simportantto stresghatevery analyzegarametereachthecorvergence
atthe sametime evenif the whole modelis asymmetricat the entranceof the
IP network modelthereis a sumof the resultsof different TCP modelswhile
theresultsof IP sub-modehretheinput parametersf eachTCP sub-model.

Thanksto the useof different TCP sub-modelswe canrun the OMQN to
calculatethe averagelossprobability andthe completiontime of wired aswell
wirelessconnectionsevenif they aremixed.



4.2 Network and TCP Parameters

In this single-bottleneckopologywe usea 45 Mb/s link whoselengthis equal
to 5,000km. We assumene-way TCPconnectionsvith uncongestetlackward
path,sothat ACKs arenever lost or delayedat queuesThe distanceof seners
from the congestedouteris assumedo be uniformly distributed between200
and3,800km, while thedistanceof thewired clientsontheothersideof thelink

is assumedo be uniformly distributedbetweer200and2,800km. Thewireless
clientsdistancefrom BS is neggligible. Connectionsareestablisheathoosingat
randoma sener-client pair, andaregeneratedollowing a PoissorprocessThe
paclet sizeis constantequalto 1,000bytes;the maximumwindow sizeis 32
paclets. The TCP tic is equalto 500ms. The buffer of the M) /M(X) /1/B

queuseis aRED buffer to avoid globalsynchronizatiorandbiasesagainstursty
traffic. Thesizeof the buffer is 128 paclets,we usethe ‘gentle’ algorithmwith

aminimumthresholdof 10 paclets,a maximumthresholdof 50 pacletsanda
queueweightw, = 1072,

4.3 Bernoulli L oss Process

In thiscasethelossprobability Pr,,,, of thewirelesdink is consideredernoulli.
Theaveragelossprobabilityfor wirelessconnectionss:

PW:1_(1_PL)(1_PLW):PL+PLW_PLPLW (5)

wherePy, is thelossprobability estimatedy the network modelanddueto the

bottleneck.In otherwordsthe further interferencel; for wirelessconnections
consistsf anadditionalpaclet lossprobability only, andthe function F'() has
the form expressedn (5). We shawv the behaior of the protocolfor different
ratesof wirelesslinks andfor different numberof wirelessconnectionsThe

randomlossprobabilityon wirelesschannelss Pr = 1072,

Numerical results Performancdiguresareplottedversusthetotal normalized
nominalload(link utilizationthatwouldresultwithoutary retransmissionsjor
transfersof 100 segmentsobjects.Resultsarevalidatedagainsipoint estimates
and95% confidenceantenalsobtainedwith ns — 2 simulationg20] with acon-
fidencelevel of 90%. Figs.3 and4 shav the loss probability and the average
completiontime of bothwired andwirelessconnectionsvhentherateof wire-
lesslink is 45 Mbit/s, like in the recentlystandardize@®02.1gVLAN (Virtual
Local AreaNetwork). Upperplotsreferto a casewhenwirelessclientsare10%
of thetotalnumbemwhile in bottomplotsthey are50%.Themodelgive accurate
resultsdifferentiatingwirelessandwired connectionsfollowing closelyvalues
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Fig. 3. Lossprobability; Bernoulliwirelesslink: 45Mbit/s, Pr = 10™2

obtainedwith ns-2 simulationsFig. 5 andFig. 6 presentshesamefigureswhen
therateof wirelesslinks is 11 Mbit/s, like in standard802.11bLANSs.

We noticeincidentallythatRED AQM is not ableto enforceary degreeof
fairnesdetweerwiredandwirelessconnectionsRED droppingsshouldbepro-
portionalto the routeof the TCP flows, thusbalancingthe performanceamong
connectionsWith finite flows, however, thenumberof pacletsto betransferred
remainsconstantand RED is not able to differentiatebetweenwireless,low
throughputusers,andwired ones,thathave a throughput40-50%higher This
resultmay soundohvious; however it wasnever stressedn RED literatureand
the OMQN/FPA modelingapproactoffer a theoreticalexplanationof the phe-
nomenon.n factit is easyto demonstrate¢hroughit that a well-tunedRED
buffer (i.e., onewhereforcedlossesever occur)introducedosseghatareun-
correlatedhenceintroducinga BernoullilossprocessThis imply droppingon
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Fig. 4. AverageCompletiontime; Bernoulli wirelesslink: 45Mbit/s, Pr = 10~ 2

averageanequalnumberof pacletsfrom ary connectionsvith the samdength,
regardles®of theactualthroughputFlow lengthsof 20,50and200pacletsyield
similar results,notreportedo avoid clutteringthefigures.

4.4 Two State Gilbert Wireless Channel

Overmary realchannelgheerrorsoccurin bursts,separatedy fairly longerror
freegaps.To representhis situation we usethe Gilbertchannemodel:abinary
channeldescribedby a two stateMarkov chain.As shavn in Fig.7, we model
it with a ContinuousTime Markov Chain(CTMC), in which in the Good State
(@) errorsoccurwith probability P, while in theBad State( B) they occurwith



10% mobile clients

1.0e-01F =

Loss Probability

1.0e-02F =B .

1.0e-03
0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Normalized load

model - wireless link model - wired link -------
sim - wireless link:--%-- sim - wired link &

50% mobile clients

1.0e-01F =

1.0e-02} Er i

Loss Poobability

1.0e-03
0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Normalized load

model - wireless link model - wired link -------
sim - wireless link:--%-- sim - wired link &

Fig. 5. Lossprobability; Bernoulliwirelesslink: 11Mbit/s, Pr = 1072
higherprobability Pg. Thetransitionmatrix ) is:

=[5 5

whereq is therateof transitionfrom G to B, while 5 from B to G. Theprobabil-

. - a I5}
ities of beingin GoodandBad Statesare:ng = —— = —
o CTagp Py p
Thesojourntimesfor statesB andG areexponentiallydistribuited with means:
1 1 :
E{rg} =— E{rp} = — WeconsiderPz = 0.01 andPg = 0.1 and
o

differentprobabilitiesof beingin Goodor Bad.
Referringto Fig. 1, a Gilbertchannekequireshe useof threedifferentTCP
models:onefor wired connectionspnefor wirelessconnectionsn the badstate
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Fig. 7. Gilbert Model

andonefor the goodstate.The averageloss probability Py, for flows being
in Goodor Bad channelstatearecomputeedising(5). Hence the averageloss
probability for wirelessconnectionss Py = Py ng — Pw, 7B

Fig.9 andFig. 8 shav thelossprobabilityandthe averagecompletiontime
of bothwired andwirelessconnections100paclketslong, whentherateof wire-
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lesslink is 11 Mbit/s andmobile clientsare 50% of the total number We con-
sidertwo differentcasesin thefirst, the probability of beingin B is 75 = 0.01,
in thesecondt is 7 = 0.1. Also in this morecomplec case resultsprovided
by themodelmatchcloselythe simulationpoints.



5 Conclusionsand future work

This paperhaspresentec methodto derive the performanceof differentsets
of TCPconnectionsvhenarecompetingor acommonresourcen thelnternet.
A set of TCP connectiongs definedasan ensambleof connectionghat share
commoncharacteristicssuchasthe averageRTT, the maximumwindow size,
etc.andeachsetof connectionganbemodeledhroughanindependenDMQN
model.Workloadsofferedto the network by differentconnectionaresummed
togetherto obtainthe performancef the IP network.

We have shawvn an applicationof the methodwith connectionghat com-
petefor a RED buffer. DifferentOMQN modelsrepresensetsof connections
thateitheraccesghe network throughalossy wirelesslink or througha tradi-
tional, reliablewired network. Resultswerevalidatedagainsins-2 simulations,
shawving thatthe methodis viableandyield accurateesults.Resultsshav that,
asexpectedwirelessconnectionsaareheavily penalizedat ary load of the bot-
tleneck.Simple AQM disciplineslike RED, do not seemableto provide ary
protectionagainsthis penalization.
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