End-to-end differentiation of congestion and wireless losses

SongCen,PamelaC. CosmanandGeofrey M. Voelker'

ECEDept.,'CSEDept.,Univ. of Californiaat SanDiego, La Jolla,CA 92093
{scen,pcosian} @code.ucsd.edu voelker@cs.ucsd.edu

ABSTRACT

In this papeywe explore end-teendlossdifferentiationalgorithms (LDAS) for usewith congestion-sensitie videotrans-
port pratocolsfor networks with eitherbackloneor last-hopwirelesslinks. As our basicvideo transpaet pratocol, we

useUDP in conjunctionwith a congestioncontrol mechanisnextendel with an LDA. For congestiorcontiol, we use
the TCP-Friendly Rate Control (TFRC) algorithm We extend TFRC to usean LDA whena conrectionusesat least
onewirelesslink in the pathbetweerthe senderandreceier. Onegoal of this pape is to evaluatevarious LDAS uncer

differentwirelessnetwork topologesandcompetingtraffic. A secondyoal of this pageris to proposeandevaluatea new

LDA, calledZigZag aswell asa classof hybrid algoritmsbasedupan ZigZag.

Wethenevaluatethesel DAs via simulation.Baseduponour simulationresults we find thatno singlebasealgoiithm
perfams well acrossall topolagies and conmpetition. However, the hybrid algorithms perfam well acrosstopolagies,
competition, andin somecasesnatchor exceal the perfamanceof thebestbasel. DA for agivenscenario.

Keywords: wirelessloss,lossdifferentiationcongestioncortrol, TCPfriendly ratecontrd, videotranspet protacol

1.INTRODUCTION

In this paperwe explore end-teendlossdifferentiationalgorithms (LDAS) for usewith congestion-sensitie videotrans-
port pratocolsfor networks with eitherbackbme or last-hopwirelesslinks. Videotranspor protacols cantake advartage
of loss differentiationin two key ways. Thefirst is the well-knowvn performarce optimizationwhereonly congestion
lossesareusedascongestionsignals,andwirelesslossesdo not restrictthe sendingrate.!  The seconds to provide
usefulfeedbacko thevideoencaler. For examge, if wirelesslossesaredominatirg, the encode canadjustthe balance
betweerbits devotedto sour@ coding(representinghe video) andbits devotedto chanrel codirg (protectingthe source
codedbits). Thefocusof ourinitial work andthis paperis on exploring andevaluating endto-endLDAs for improving
transpat protacol perfomance.

As ourbasicvideotransmrt pratocol, we useUDP in conjunctionwith acorgestioncontrd mechanisnexterdedwith
anLDA. For congestiorcontol, we usethe TCP-FriendlyRateContrd (TFRC)algoithm.* TFRCis anequatiorbased
congestioncortrol algaithm explicitly designedor best-efort unicastmultimediatraffic. TFRC estimatesherecentioss
evert rateof a connectio attherecever. Therecever comnunicateshis lossratebackto the senderwhich adays its
transmissiomateto thedegreeof congetionestimatedrom thelossrate. To betave in aTCP-friendy manne, thesender
adaptsaccordng to anequatim that mocels the TCP responsdunction in steadystate— but doessowith significantly
lessfluctuationin thesendingatethanthestandardCP congestioncontrd algoritim. As aresult,streamingapgications
canbothsmoothlyandfairly reactto congestionoverlongertime periads.

We exterd TFRCto useanLDA whena conrectionusesatleastonewirelesslink in the pathbetweerthesendeand
recever. Whena TFRCrecever detectdosses,t invokesthe LDA. If the LDA classifiesthelossasa congestionloss,
thenthe TFRCreceverincludesit in its calculationof thelosseventrate. However, if theLDA classifiest asawireless
loss,thenthe TFRCrecevertreatsit asarecevedpaclet. Recallthatthetranspor protacol is best-efort; wirelesslosses
aretoleratedusingredurdantencodnhgsatthe applicationlayerwithou retransmnssions.

Onegoal of this paperis to evaluateLDAs under more realisticsituations.Previous end-teendappoachedor loss
differentiatior?> ¢ wereonly evaluateduncer constraid condtions: a singlewirelessnetwork topolagy, or without ary
competingtraffic. As aresult,we do notknow how LDAs behae under the more realisticsituationsof vatied wireless
network topdogiesandcompetirg traffic. We evaluge two LDAs derived from previouswork. Thefirst is basedupan an
algorithm proposedby Biaz et al.’ thatusespacletinter-arival times. The seconds derivedfrom Tobeetal.” thatuses
relative one-way trip times(ROTT).



A secondyod of thispapelis to proposeandevaluateanew LDA, calledZigZag aswell asaclassof hybiid algoithms
baseduponZzZigZag. To distingush lossesZigZagusesROTT asa fundion of losscount. Theinsightbelind ZigZagis
thatROTT combinedwith losscountis moreinsensitie to topdogy andcompetition asit exploits the charateristicsof
themultiplicative decreaséinearincreas€MDLI) congestioncortrol algoithm usedby TFRC.

To achieve thesegoals,we evaluatethesealgoritimsvia simulationusingns We studythe perfamanceanddiffer-
entiationaccuncy of the LDAs undertwo mainwirelessnetwork topolagies, networks with last-hopwirelesslinks and
networks with wirelessbackones;the wirelesslast-hoptopolagy correspndsto cellular networks or satellitemodems,
andthewirelessbackbonetopdogy correspndsto satellitebacknelinks, wirelessLAN networks, or high-perfamance
backlones® We thenstudythe LDAs undervarious scenario®f competing traffic wheremultiple flows usethe same
LDA. Finally, we evaluatethe hybrid LDAs thatcombine theindividual strengthof the basealgorithms.

Basedupm ourresultswefind thatnosinglebasealgorithm perfamswell acrossll topologesandcompetition. At a
highlevel, thoudh, we find thatLDAs basedupm pacletinter-ariival timesdo not behae well whenthereis compdition
for the bottleneckwirelesslink, andare only suitablefor a particulartopology and no compéition. The LDAs based
uponROTT, however, areableto correlatecongestionwith particdar lossesmuchmoreaccuratelyacrossa wide range
of scenariosalthough they may have relatively high wirelessmisclassificatiorratesin particula situations.Finally, the
hybrid algoithms basedon ZigZag areableto differentiatebothlossesaswell astopdogy, andusethis to leverag the
particula strengthf thebasel DAs. As aresult,thehybrid algaithms perfam well acrosgopdogiesandcompetitian,
andin somecasesnatchor exceedthe performarce of the bestbasel DA for a givenscenario.

The restof this paperis organizedasfollows. Section2 discusseselatedwork. Section3 describegrevious al-
gorithms for distinguishing betweenwirelessand corgestionlosses,andintroducesZigZag a novel algorithm for dis-
tinguishirg lossesthatis TCP-friendy andrelatively robust acrossdifferent wirelesstopolagies and competing traffic.
Sections4 and5 discusgthe perfamancemetricsandnetwork paranetersusedin our simulationandevaluation of the
LDAs. Sections and7 describeshesimulationresultsin termsof throughpu, network topolagy andtraffic competitian.
Finally, Section8 summarizesindconcluas.

2. RELATED WORK

Therehasbeenconsiderale work characterizig the benefitsof differentiatingwirelesslossesfrom congestionlosses
for TCP conrections,anddeveloping variows technigeesfor preventing TCP from reactingto wirelesslossesasif they
indicatedcongestion. Exanples of thesetechriquesinclude splitting TCP conrectionsat the basestation,>® andlo-
cal retransmissiagsibasedon snoojing at the wirelessbasestation? Balakrishnaret al.? evaluateda variety of these
techniqies,demastratingthatthey cansignificantlyimprove TCPthroughputandgoodut.

However, mostof theseschemesassumea network wherethe wirelesslink is thelasthop,andchargescanbe made
at the wirelessbasestationto accomnodatethe scheme. Furthrermore,mary of theseschemesnake wirelesslosses
transpaentto the sendereliminatingthe opportunity for the sendetito explicitly reactat the applicationlevel to wireless
losses(e.qg.,tradeoff sourceandchanmel codirg). Sincewe areinterestedn best-efort transpaet protacols and more
geneal topdogiesandnetworks wherechanges canna be madeto intermediatenodes, we have focusedon end-teend
algorithmsfor differertiating andreactingto congestia andwirelesslosses.

Thete have beena few studiesthathave looked at this problemfor TCP. Samaraeer proposedan endto-endnon
congestionpaclet lossdetection(NCPLD) algoiithm for a TCP conrectionin a network with a wirelessbackonelink,
suchasa low-bandwidthsatellitelink.®  NCPLD measuesrourd-trip time at the sendelandcompaesit to the measued
delaywhenthereis no congestiorto decidewhethera lossis a wirelessor congestionloss. Samaraweera simulateshe
algorithm andshavs that,whena comectionexpeiiencescongestion, NCPLD behaesaswell asTCPwhenthewireless
error rateis low, andimprovesthrouchput over TCP whenthe wirelesserra rateis high. However, NCPLD was not
evaluatel on differentwirelesstopdogies.

Biaz and Vaidya have looked at two different appr@chesto endio-endloss differentiation for TCP connectias.
They first lookedat a setof “loss predctors” basedupan threedifferert analyticappoachego congestioravoidane that
explicitly modelconrectionthroughpu and/a rourd-trip time (e.g, TCP Vegas).!? Their resultswerenegative in that
thesealgorittms, formulatedto do lossdifferentiation, werepoa predictas of wirelessloss. In subsequenwork, they
proposeda new algorithmthat usespaclet inter-ariival time to differentiateosses.Using simulation,they shaw that it



works very well in a network wherethe last hopis wirelessandis the bottlerecklink. > However, they only evaluated
theiralgorithmwhenasingleflow wasusingthenetwork in isolation. This algorithm anda slightly modfied version are
two of the algotithmsthatwe evaluatein this pape in moregenerakorditions(Section3.1).

Tobeet al. propsea rate contrd algorithm for UDP flows that usesspikesin relative one-way trip time (ROTT)
asa congestionsignalingmechaism.” They show that their schemes ableto differertiate congestion-relatedosses
from randanm lossesfound on a wirelesslink, althoudh they only investigae its useto detectcongestion. In this paper
we describea versionof this algorithm(Section3.2) designd to explicitly differentiatebetweercongestionandwireless
lossesandevaluateits perfamance

3. BASEALGORITHMS

ThethreebasicLDAs we expeiimentedwith arecalledBiaz, Spike,andZigZag,andthey aredescritedin this section.All
otherschemesve testedarebasednthesethreefundamenthschemesandareintrodwcedin Section6. In thefollowing,
we usethe termoriginal TFRC or unavare TFRC o referto the original TFRC algoiithm which is unavare of wireless
loss,andtreatsevery lossasdueto congestion We usethetermomniscienfTFRCto referto anideal TFRC userwhich
haspreciseknowledge of the causeof every pacletloss.

3.1.Biaz scheme

The Biaz schemé usespaclet inter-arival time to differ-
entiatebetweerlosstypes. As depictedin Figure 1, the algo congestion wireless congestion
rithm works asfollows. Let T',,;, dende the minimum paclet
inter-arival time obsered sofar by thereceverduringthecon | IOSSU , loss | loss
nection Let P, denotean out-d-order paclet received by the T
recever. Let P; denotethelastin-seqencepaclet receved be- n+1l n+2 g/ Thin
fore P,. Let T; denotethetime betweerthe arrivals of paclets
P; andP,. Finally, let the number of pacletsmissingbetween Figure 1: Biaz Scheme
P; and P, ben (assuminghatall pacletsareof the samesize).
If (n 4+ D)Tmin < T; < (n + 2)Thin, thenthen missingpacletsareassumedo be lost dueto wirelesstransmission
erross. Otherwise they areassumedo belost dueto congestion The concep hereis thatif P, arrivesright arourd the
time thatit shouldhave arrived we canassumehe missingpacletswereproperly transmittecandlost to wirelesserrors.
If P, arrivesmuchearlierthanit shoud, thenpacletsaheadf it probablygot droppedat a buffer, andif it arrivesmuch
later thanexpected,thenit is likely that queuirg timesat buffershave increased.Eitherway, we canattribute the loss
to corgestion. The Biaz schemeworks bestwhenthe last link is both the wirelesslink andthe bottlenecklink of the
conrection,andnotsharedoy othe conrectionscompetirg for thelink.

We found experimentally that the Biaz schemeoften has
high congestionlossin the wirelesslast hop topolagy (8—12%
of throughput), almosttwice as muchasthe omniscien traffic congestion
would cause. All otherbasicschemesave lower congestion loss
lossthanthatof omriscienttraffic.

wireless loss

congestion loss
| L1

Checkirg thethreshdd usedn theBiaz schemamoreclosely 0 n+1 n+1.2 Tg/
we seethatthelowerthreshold(n + 1) x T',,;, would oftenbe Thin
attainedf in factthewirelesslink is thelastlink with thelowest
bandvidth andis not shared. This is becase T',,;,, equalsthe Figure 2: Modified Biaz Scheme

time to transmitthe smallestpaclet over the wirelesslink, and

whenn pacletswerelostdueto wirelesserror, thetimeit takesto transmitthosen pacletsplusthenext corredly receved
pacletis atleast(n + 1) X T4, It equals(n + 1) x Ty, whenall n + 1 pacletsarebufferedoneafterthe otheratthe
wirelesslink, andpacletsareof the samesize. For T; to besmallerthan(n + 1) x Ty, in this caseof n pacletslost
to wireless,the average size of the lost paclets mustbe smallerthanthe smallestpaclet receved so far, which usually
beconesmorerareasthelengthof the conrectiongetslonger It doesnotoccu in our expeimentsinceall pacletsareof
thesamesize.



Ontheotherhand theupperimit (n+2) x T',,:,, providesacushionwindow for thealgoritrm whenpacletscorupted
by wirelesserror are not buffered one after the otherat the wirelesslink. The higherthe upperlimit, the more likely a
losswill beclassifiedasawirelessloss,i.e.,theschemeéradesoff higheraccurag for classifyingwirelesslossbut lower
accuray for congestion loss. Sincethe sendingrateis not redicedwhena lossis classifiedasa wirelessloss,a higher
uppe limit potentially causeshighe congestion and a higher shareof bandwidh when competing with other traffic.
The high congestionlossobsened with the Biaz schemeéndicatesthatthe window is prokably too large. Therebre,we
loweredthe upger limit in the Biaz schemeo determinea limit that providesa reasoable perfamancetradeof. The
resultsfor valuesrangng from [(n + 1.1) ~ (n + 1.8)] * Ty, indicatethat[(n + 1.2) ~ (n + 1.3)] % Tip providesa
goodtradeof betweerow congestionlossmisclassificatiomndhighthroughputwhenconpetingwith othertraffic in the
wirelesslasthoptopolagy (seeSection5.1). The Biaz schemes perfamances insensitve to thechoiceof upper limit in
thewirelessbackionetopolayy. Therebre,we chaose(n + 1.2) * T',,,;,, in themodfied Biaz schemdFigure?2).

3.2.Spike scheme

The Spike schemevasderivedfrom [7], althowghtherewas
no explicit effort to differentiatewirelesslossfrom congestion
lossin thatwork. The Relative One-way Trip Time (ROTT) is max —
ameasuref thetime a paclettakesto travel from the sendeto
therecever. Sincethesendilg andreceving timesaremeasured
atthesenderlndrecever separatelythe absolte valueof delay
is difficult to obtaindueto theclock skew betweerthetwo, thus Bspikestart, N
the name“relative? The ROTT is usedto idertify the stateof B
the current connetion. If the conrectionis in the Spike state, —sPikeend|
lossesare assumedo be dueto congestion. Otherwise,losses
are assumedo be wireless. The spike statederives its name
from the factthat plots of ROTT vs. time tendto show spikes Py
during periadsof corgestion. 0 é

The stateis determired asfollows. On receiptof a paclet time
with sequencenumler ¢, if the comectionis currently not in Figure 3: Spike Scheme
thespike state, andthe ROTT for pacleti excealsthethreshold
Bgpikestart, thenthestateentersthe spike state.Otherwisejf theconrectionis currently in thespike state andtheROTT
for paclets is lessthana secondhresholdB ;,;c.nq, the statechangsout of the spike state. Whenthereceier detects
alossbecaseof a gapin the sequencaumbe of receved paclets,it classifieghelossesasednthecurren state(see
Figure3).

In [7], thethresholdvalues B spikestart aNdBpikeend Werehardcodedto be20 msand5 ms,respectrely. However,
intuitively thesethreshdds shouldbe depenlenton the overall network delays. For a conrectionthat never expetiences
delayslower than5msor higherthan20ms,thesethreshold will make the algoithm useless.Therefae, we think the
threshdds shouldbe choserin thefollowing manrer:

Bspikestart = TOttmin + a * (TOttmaz‘ - TOttmin) Bspikeend = TOttmin + ,B * (TOttmaw - rOttmin)

whererott ., andrott,,;, arethe maxinum and minimum relative oneway trip time obsered sofar, anda > g.
Suppaewe corsiderall the buffersalongtheroute from the sendeto therecever asonebig buffer. Therott ,,,;, occus
whenthatbuffer is empty andrott 4, occurswhenthatbufferis full. SettingB p;kestor: asabove correspndsto the
buffer beingfilled atlevel «, and B p;.cenq COrrespond to the buffer beingfilled atlevel 8. A highera mearsit is more
likely thatlosswould beclassifiedaswirelessloss,resultingin higher congestiotossmisclassificatiormndlowerwireless
lossmisclassificationlf a > 1, congestioossmisclassifications 100%while wirelesslossmisclassifications 0%; if
a < 0, thenthe misclassificatiorof corgestionlossis 0% andwirelessis 100%. It is exactly the oppositefor thevalue
B. To explore the sensitvity of the perfamanceof the Spike schemeon theseparaméers, we condictedtestswith o
rangirg from 0.35 to 0.95 and rangingfrom 0.05 to 0.45, andfound & = 0.5 andg = 1/3 resultsin agoodtradedf of
low congestiodossmisclassificatiorandreasoablewirelesslossmisclassificationin thewirelesslasthoptopolagy (see
Section5.1). The Spike schemes performane in thewirelessbackbmetopolay is insensitve to the chdce of a andg.



3.3.ZigZag scheme

In additionto theabove schemeslerived from previouswork, we proposea new schemdor differentiatingwirelessfrom

congestionlossescalled ZigZag. Using the samenotatian asin the Biaz schemeZigZag classifieslossesaswireless
basedon the numkter of losses,n, and on the differenced = rott; — rott,cqn. A l0Ssis classifiedas wirelessif
(n=1AND d < —rottgey) OR (n=2 AND d < —rott4ey/2) OR(n=3AND d < 0) OR(n > 3 AND d < rottge,/2).
Otherwisethelossis classifiedascongestionloss.

This classificatiorbowundaryis illustratedin Figure4. ThemeanROTT rott ¢4, andits deviationrott g, arecalcu-
latedusingthe exponentialaverag with o = 1/32:

T0ttmean = (1 — @) * TOttmean + @ x Tolt T0ttgey = (1 — 2a)) * rottgey + 2a  rott - rott —meany

By definition, ROTT hasa high probaility of having val-
uesgreatethan(rott,eqn — rottge,) (84% if it wereanorma-

ized Gaussiardistributedrancdbm variable). As onepacletloss # of pkt lost

is the mostcomma loss patternin a wired network, andcon 5

gestionloss usually comeswith higherdelay the thresholdof

rott > Tottmeqn — TOttge, iNtUitively would classify mostof . 4 .

the congestiorlosscorreetly. The reasoningoehindincreasing ~ Wireless congestion

the threshdd with the nurber of lossesencainteredis that a loss 3 - loss

moresererelossis associateavith highe corgestion,andwith

highe ROTT. Thisway, alosseventcontainng 4 or morepack 2 +

etsis morelikely to be classifiedas wirelessloss, aswireless

lossesftendisplayburstsof correlatecerrors. 1+ rott — rottmean
The insight behindthis ROTT compaison is that with the : I FOtt ey

multiplicative decreaseand linear increase(MDLI) algorithm -1 -05 0 05

usedin TCP/TFRC,the ROTT often exhibits a sav-tooth pat-
tern: theinstantaneesROTT tendsto belessthanits meanafter
a multiplicative decreaseactiontaken after congestion,andthe probability thatthe instantaeousROTT is greaterthan
its meanincreaseswith the linear increaseof window size. This patternis chara&teristic of MDLI congestia cortrol
regadlessof othernetwork parametes. Therefore,aswill be seenlater, the misclassificatiorrate of ZigZagis rather
insensitve to changsin network topology.

Figure4: ZigZagScheme

4. PERFORMAN CE METRICS

An algorithm that attemptsto classify eachlossinto oneof two classesanbe judged by its misclassificatiorrate, the
fractionof casesvhich areclassifiedincorredly. Sincemisclassifyinga wirelesslossasa congestioossdoesnot have
thesamdampad astheotherway around, we canjudgeperfamanceby examiring thetwo separatenisclassificatiomates.
However, to a certainextent, we do not carewhatthe misclassificatiorratesare; ultimately, we areconcenedwith the
throughpu of thetraffic streamthatresultsfrom usingthe algorithm andwith whethe the algorithmcausesongestion
andtherely diminisheshethroughpu of othertraffic streamsThisleadsusto a setof four perfamane measures.

Throughput: Themostimportant goalis highthroughpu, wherewearecon@rnedwith theimprovenmentcomparedto
theoriginal TFRC (unawareof wirelesdossesWhentransmittinghrowgh anetwork with awirelesdink. Ourexpeiments
shav thatan omniscienfTFRC usercanhave a throughput 200% higher thananunavare TFRC user depewing on the
topolagy andwirelesslossseverity. A primay goalis to have athroughput closeto thatof theomniscien TFRCuser

Congeston Loss: Theamouwunt of congestionlossexperiencedoy a TCP conrectionor othertraffic whencompetiny
with a userequppedwith our differentiationschemads affectedby the behaior of our scheme.Whencompetig with
TCR or someothertypeof traffic, thethroudhputof thoseusersshoud notbetoo muchlowerthanwhentraffic usingour
schemeadoesnot exist. For two schemesvith similar throughpu, we would prefer the onewhich causedesscongestion
loss. Wirelesslossis proportioral to throughput,soit is not partof our periormane measures.

Misclassification rates: We needto be conserative in misclassifyingcongestionloss aswirelessloss, as sucha
mistale mears ratewill notbereducedvhenthenetwork is congestedThe corgestionlossmisclassificatiomate(/ ) of



boththeorigind TFRC andthe omriscientTFRC is 0%. Misclassifyingwirelessloss(A/,,) ascongestioriossdoesnot
causecongestionproblemsfor the network, but it will limit the protacol’s ability to improve throudhput. The M, of the

original TFRCis 100%, andfor omniscien TFRC,0%.

The relatiorshipsbetweenthroudhput, congestionloss, M ., and M, arerelatedto the actionstaken for lossesthat
were classifiedaswireless. Currerily, we treatall lost pacletsclassifiedaswirelesserrorin the sameway asreceved
paclets.Undersuchcircumstance, a higher M . mears (a) highercongestiorioss, (b) lower throughpit whencompetirg
with itself, and (c) highe throughput whencompetirg with differert typesof traffic (lessfriendy to thoseunavare of
wirelessloss,e.g, TCPandTFRC; moreaggressie whencompetingwith omniscient)

Ontheotherhand higher i, meanga) lower congestionloss, (b) lower throughpu whencompetimg with different
typesof traffic (friendlier to TCPandTFRC;lesscompetitive with omriscient),and(c) whencompetingwith itself, lower
throughp if M, is high, but similar throuchputasthe omriscientuserwith lower congestionlossif M ,, is modeate.

Thusthevaluesof M,, and M. shouldbeconsideredogethemith thecorrespnding throughpu andcongestionloss.

5. NETWORK PARAME TERS

5.1. Topology

We testedhe LDAs onthreetypesof topologeswhichwe call WrelessastHop, WrelessBadkbme, andWirelessLAN.

Wir dessLast Hop: IntheWirelessLastHop (WLH) topd-
ogy (Figure 5), the last link to the recever is a wirelesslink
with bandvidth anddelayof rate ;.5 anddelayiqs¢. N traf-
fic streamshareacomma wiredlink with bandvidth anddelay
of ratespgreq aNddelaysporeq- Therategpareq is setto beless
than N x rateqyqs:, SOthe N streamscompete for bardwidth
atthecomnon link. This type of topology simulatesa cellular
network or satelliteDirect-TV systemwhereeachwirelesslink
hasarelatively constanbardwidth.

Wir dessBackbone: In theWirelessBackbore (WB) topd-
ogy (Figure6), the sharedink (backlmne)betweenwo LANs
is awirelesslink, with bandvidth anddelayof rate ,spqreq and
delayyshared- Thistopolog/ simulatesa scenariovhereLANs
areconneted by eitheran80211 radiolink, a satellitelink, or
anotter type of high bandvidth radiolink asin the UCSD HP-
WREN project.

WirdessLAN: In the WirelessLAN topolagy (Figure7),
thewirelesslink connets directly to multiple mobilerecevers.
Thistopolagy simulatesan802 11 wirelessLAN. Theonly dif-
feren@ betweenthis topdogy andthe WB topdogy above is
the existenceof the last link from router R2 to eachindivid-
ualrecever. As the bandvidth of the LAN speedinks is much
highe thanthatof thewirelesssharedink, thereareno paclets
bufferedat theselinks, sotheonly effectthey have is additioral

delay Our experimentsshav thatawirelessLAN shaws essen-

tially idertical resultsasa WB topolagy whenthecorrespnding
links bandvidth arethe sameandthetotal fixeddelay(process-
ing + propagatia) from sendeto recever is rougHy equalbe-
tweenthe topdogies. Thus,in the following discussiononly

LAN speed wired link wireless last links

TFRC sender 1 del ay | an del ay y ast _.®(TFRC receiver 1

rate)an rate y ast
TFRC sender 2 R1 RZ_{Z’,. -----®(TFRC receiver 2

wired shared link .

del ay shared "®(TFRC receiver N

rate sphared

TFRC sender

Figure5: WirelessLastHop Topology

LAN speed wired link

del aY | an
ratean
04 .
. . .
. wireless shared link .

del ay wshar ed
rate yshared

TFRC sender TFRC receiver N

Figure 6. WirelessBackboneTopology

LAN speed wired link
P

TFRC sender 2

| an R2

ereless shared lin

del ay wshar ed

TFRC sender
rate yshared

Figure7: WirelessLAN Topology

the WB topdogy is consideed, with its resultsdirectly applicableto thewirelessLAN case.



5.2.WirelessLoss Model

Basedon [11], we simulatedvarious CDMA chanmels with differentchamel paraneters. To gereratethe error pattern,
paclets of size 381 bytes weretransmittedfor 12 second on a 150Kkps simulatedwirelesschanng andthe recever
attemptedo decaleeachpacletandrecodedwhetherit wascorruyptedby anunmrrectalte wirelesserror For aparticuar

setof channeparaneters theresultsof 100randan trials formedthe errorpatternausedin our nssimulatiors. We used
this errormodelfor boththe low bardwidth wirelesslasthoplink andfor the higherbandvidth wirelessbacktonelink.

For example,mobile basestationswhich would would be usedasa backlmnenetwork in military applicaions would fit

thesamechanrel modelasacell-basedCDMA system.Wirelesserroronly existsin theforwarddirectionfrom sendeto
recever; thereis nowirelesslossin thereversedirection

Othersystenparanetersusedwere:Channetoderate:

1/2, Numberof concurent users: 5, Numkter of multi- Spreadig | Interlearer Paclet Bit Error
pathsresohed: 4, Enegy-perBit/Noise (E;/Ny): 4dB, Gain Size LossRate Rate
Normalizel Dopder fpT. = 2.62 x 10~4, togetter with 16 2 pkt high:7.8% [ 8.7 x 107
the three combirationsof spreadig gain and interleaver 16 3pkt | medium: 3.1% | 2.8 x 10~°
sizegiven in Tablel. Thesewerechoserto representigh, 32 2 pkt low: 1.0% | 7.1x10°°

mediumandlow wirelesslossscenarios.Figure8 shavs
thehistogamof thegoodanderra statelengthof thehigh
wirelesslosserra pattern

Table 1. Packetlossprobability of high, medium,andlow wireless
loss

5.3. Other Parameters

Bandwidth: As discussedater, we testedall schemesvith
N=1,2,4,6,8,10,12,and16 traffic flowsin the network.

The WLH topolayy simulatesa cellular network, sowe set
rateyiqest = 150 Kbps, andratespares = maxz(N,2) x 130
Kbps,i.e., 86% of the aggegatedtotal bandvidth of the wire-
lesslinks, exceptwhenthereis only onetraffic flow. With only
oneflow in the network, to make the wirelesslink bethe slow-
estlink, we setthe capacitybetweenrouers R1 andR2 to be
slightly lessthantwice thewirelesslink capacity

average=14.7941 pkts average=1.2767 pkts
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Delay. Totaldelaysin thenetwork arecompmsedof process
ing, propagation transmissiorand queuirg delays. The (pro-
cessingt propagation) delayis setexplicitly:
delayiqn, = 1MS;delayyiqast = 10mS;delayspared = delayyshareq = 20Ms.

Figure 8. Histogramof good/errorstatelength(high loss)

Theothertwo aredetermiredimplicitly by thechoiceof otherparaneters:bandvidth, quele size,etc.

Packet Size: Thepaclet sizewaschoserto be 762 bytes.For avideocoderthatenco@svideosequenceattherate
of 25 frames/sec,anda bit rateof 150KIps, a frameon averagewould occupy 150K /25 = 6000bits = 750bytes. 762
waschoserbecausét is a multiple of 381 bytes,oneof thespecifiedpaclet sizesin the CDMA-2000 standard.

QueueSize: Thesizeof aquete in arouterusuallyscaleswith the capacityof thelink it is connetedto. Thesizeof
thequeuemeasuedin bits divided by thelink bandwidh is the maximum queung delay We usea scaleformua usedin
thesimulationscriptfrom [4] (website): queue size(pkts) = max(link bandwidth /60K, 6)

If all pacletsare762bytes,this leadsto a maximum queuing delayof 100ms (if thelink bandwidh > 36(Kbps) or
highe (if thelink bandwdth < 36Kbps).

Queuing Policy: DropTail only.



Random Traffic: Similarto [5], we havetwo nsTraffic/Exmpo agentsvarmupthenetwork for 20 secondbefore ary
TFRCor TCPtraffic starts,andthey stopwithin 2 second after TFRC or TCP starts.

Test Conditions: In all experiments,after the warm-up period datawas transmittedfor 200 seconds. For each
differentiationschemdn a group, experimentswere perfamedwith the samerancm seedthat determiresthe starting
orderof andthewirelesserrorpatternexperiercedby eachflow. With differert randan seedsthe samesetof expeliments
wererepeated 0times,andresultswereaveraged

6. EVALUATION OF BASE ALGORITHMS

In this sectionwe evaluge the performane of the basealgorithns under a variety of expelimentalcondtions. We begin
by exanining the perfomanceof eachalgorithm in isolation, first on the wirelesslast-hoptopdogy (Section6.1) and
thenon thewirelesshackbmetopolayy (Section6.2). Finally, we evalude the algoithmswhenotherflows competeor
network resoucesin bothtopolagies(Sectiors 6.3and6.4).

6.1. WirelessLast Hop

First,we wantto undestandtheperfomanceandbehaior of eachLDA in isolation.We startby evaluatirg thealgoithms
separatelyn the WLH topolagy usingthe metricsandsimulationmethoalogy describedn Sections4 and5, andthen
studythealgoithmsin the WB topdogy in Section6.2.

Table2 shavstheresultsof simulatingoneflow of each
of thedifferertiationalgoithmsaswell asTCP, TFRC,and TCP | TFRC | Omni | Biaz | mBiaz | Spike | ZigZag
omniscien TFRC onthe WLH topolog. Thetableshavs | thput | 58 | 83 | 99 | 98 | 98 | 98.5| 97
the throughput, congestionandwirelessmisclassification | Mc | 0 | O 0 100] 00|12 07
rates,andcongestioriossfor eachtypeof flow aspercent- | M, | 100 100 | 0 | 63| 6.2 | 58 | 65
ages. The throudhput is normalized by the bardwidthof | cong.| 0.6 | 0.2 | 2.3 | 23| 23 | 0.3 | 03
the bottlereck link; M. is the fraction of pacletslost to
congestionthat are misclassifiedas wirelessloss; M, is
the correspondig measurdor wirelessloss;andcongestia is the nunber of pacletslost dueto congestiordivided by
thethroughpu (ratherthannumter of pacletstransmittedwhich dendsuponthealgoritim). Unlessstatedotherwise,
all resultsin thisandsubsequdrsectionsarefor thehighwirelesdosscase. Trerdsfor highwirelesslossholdfor low and
mediumlossaswell: therelative orderof their perfomancedoes not chang, althowgh the absolde differenceshetween
thealgorithmstendto besmaller

Table 2. Performancéor wirelesslasthop, 1 flow

Looking at the flows thatdo not usean LDA, we seethat TCP and TFRC hadcompratively low throughpu. They
reactto wirelesdossesascongestionlossesunduy reducirg theirsendingate; TFRChadahigherratethanTCPbecause
it doesnotreactasdrasticallytoloss.As expectedomriscientTFRCis ableto getcloseto full utilization of thebottlenek
link bandwvidth.

All four LDAs almostfully utilize the bottlereckbandwidh. The Biaz algorithms misclassifiecho congestionlosses,
andmadefew mistalesonwirelesslossesthisis nottoo surpising sincethesealgorithrmsweredesigne for this kind of
topolagy. Becausef this, they have the sameslightly higher congestionlossasthe omriscientTFRC flow, while Spike
andzZigZaghave lesscongestionsincethey misclassifymorewirelesslossesandreducetheir sendingratein reaction

By definition the high M, of the Spike algorithm indicatesthat half of the time the buffer of thewirelesslink is at
least1/3 full (contairing 6/3 = 2 paclets). However, herethe high M ,, does not hurt the throughpu of the Spike flow
becauset only hapgnswhenthe buffer is at least1/3 full; with a non-enpty buffer, the routeralwayshaspacletsto
transmiton thelink to maintainthroudhput.

ZigZag alsohasa high M, indicatingthat, asthe ROTT oscillatesarourd its mean,thereis a high probaility that
the ROTT is largerthan (rott,ean — r0ttqey ). As aresult,ZigZag misclassifiesnary wirelesslosses.The low M., of
bothSpike andZigZagshaws thatthethreshdds choserto paraneterizethe algorithns arereasonaly consevative.

Summary. Fromtheseresultswe conclulethatall of the LDAs perfom well in isolationon this topolagy, achieving
excellert throughpu while reactingto congestionwell. The Biaz algorithms are highly optimized for this particuar
situation,while Spike andZigZagaremore conserative in thatthey classifysomewirelesslossesascongestiorosses.



6.2. Wir elessBackbone

Next, we wantto understandhe performane of the differertiation algorithns on the wirelessbaclkbone(WB) topolayy,
andto seehow perfomancechargesasthetopolagy changs.

Table3 shaws the resultsof simulatingthe algoithms
on the WB topolagy describe in Section5.1 At a high TCP | TFRC | Omni | Biaz | mBiaz | Spike | ZigZag
level, with only oneflow the WB topology is very similar thpu | 25 | 34 | 98 | 95 | 87 | 98 50
to the WLH topdogy since(1) the LAN link thatfollows M. | O 0 0O |00| 00 88| 00
thewirelessbackonelink caneffectively beignoredsince M, | 100 100 | O |26 68 | 27 | 60
its bardwidth is mud higherthanthe wirelessbacktone, | cong | 0.1 | 0.0 | 04 |04 | 04 | 0.0 | 0.0
and(2) thereis no compgition, sotheflow hassoleuseof
the wirelessbackbame in a mamer similar to the wireless
lasthoplink.

Table 3: Performancéor wirelessbackbme, 1 flow

Themaindifferencebetweerthe performarce of thealgoithmswhentheflows opeatein isolationonthetwo topolo
giesis thedifferencein bottleneckbandwdth: the wirelesslink in the WB topolog is 800 Kbps, whereaghe wireless
link in theWLH topdogy is only 150Kbps. As aresult,thedifferencedn perfamanceareprimarily dueto this chargein
bottlenek morethantopolagy; in subsequerexpaimentsbelow, howvever, we will seemoreof aninfluene of topdogy
ontheperfamanceof thealgorithmns.

FromTable3, we seethat TCP and TFRC have a muchlower usageof the availablebandwidh whenit is 800KlIps.
This lower usagéds dueto thelarger operaing window sizethatcomes with the higher bandvidth delayproduct, makirg
thespeedf thelinearincreasenuchslowerthanthespeedf themultiplicative decreaseausedy thehighwirelessloss.
OmniscientTFRC still getscloseto 100% utilization of the availablebandwidh, but with muchlesscongestion. Thisis
alsodueto thehigheroperatirg window size,which makesthe TFRC congestioncontiol algoiithm lesslikely to fall into
theslow startphaseandenablest to openits congetionwindowv moresmoothlyin thelinearincreasephase.

The perfamanceof the LDAs is for the mostpartsimilarto the WLH topolagy above. However, ZigZaghasa much
lowerthroudhputthatis similar to thatof TCP andTFRC dueto thelarger window sizeat highe rates,andits high M .
Unlike the Spike algoithm, whichalsohasarelatiely high A ,,, the M, in theZigZagalgorithm doesnothave ary direct
correldaion with thebufferlevel (theROTT canstill oscillatearoundts meanevenwhenthebufferis closeto empty).For
thesamereasoras TCP andoriginal TFRC, it canna recover the nomal window sizeasquicKy atthe higher rate. The
modifiedBiaz algoiithm alsohasa lower throughput, althowgh notassignificant,dueto its higher M ,, andlarger window
size. Its highe M,, (conparedto Biaz) resultsin a smallerwindow on averagethatallows lessdelaybetweenpaclets
whenclassifyinglossaswireless.

Summary. Sinceevaluding theLDAs in isolationonthe WB topolayy essentiallyeducedo theWLH topdogy with
ahigher bandvidth wirelessbottlerecklink, thechangswe seein perfamancearedueto thechang in bandvidth rather
thantopolagy. At thehigherbottleneckhandwidh, TCP, TFRC,andZigZaghave even lowerthrowghpu dueto their high
wirelesslossmisclassification\/,, ; the otheralgoithmsareableto maintaingoodthroudhputdueto little or no M ,,.

6.3. Competition with Wir elessLast Hop

Now thatwe have evalugedthealgoithmsonbothtopdogiesin isolation,we next evaluatethemin thefaceof competirg
flows. We startwith the WLH topdogy.

Figure 9 shaws the perfamanceof eachalgorithm on the WLH topdogy whenthereare oneto 16 flows, all using
thesamealgorithm; notethatthe singleflow casecorrespondgo theresultsin Table2, whichwe includefor comparison.
Figure9 shaws threegraphs, onethatshows throughpu (top left), a secondhatshavs congestionloss(batom left), and
athird thatshawvs M. and M, (right). All grapts areafunction of thenumbe of flows competirg onthe network.

With more thanoneflow, the bottlerecklink is the sharedink whosebandvidth we purposelysetto be 86% (130
Kbps/1® Kbps)of theaggrejatedsumof all wirelesslinks to induce congestion. As a result,we showv thethroughputin
thegraph asthesumof all flows’ throughpu normalizedby rate spqreq. Thisthroudhputreflectsthe average throughput
of the competig flows, so a high throughput meanshat not only is the algoithm perfaming well but thatit compets
well with itself, too. The misclassificatiormratesand congestiorlossareaveragesover all flows in the network aswell.



We know the misclassificatiomratesfor TCP, TFRC,andomniscientTFRC a priori, andtherebre do not shav themto
improve clarity.

From Figure 9, we seethat the averagethroughput of TCP and TFRC increasess the numter of flows increases.
Thereasorfor this behaior is thatnotall flows will expeliencewirelesserroratthe sametime. As the numter of flows
increasesit is lesslikely wirelesslosswill be synchrmized betweendifferent flows. The perfamanceof omniscient
TFRCis notaffectedby the changeof flows.

Biaz maintairs its high throuchputregardlessof the num
ber of competing flows. However, its M, increaseglranati-
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to classifylossaswireless,the modfied Biaz schemamakes
moreclassificatiorerras on wirelesslossesthanthe original ~ Figure 9: Competitionwith the wirelesslasthop topology
Biaz. Thisis theprimarycauseof its lower throughpu, especiallywhentherearetwo flows in the network.

The Spike schemehascorsistentlyhigh throughputacrossall nurmbersof flows. However, bothits M . andM,, are
very high. Its M,, is similarto theoneflow caseandpersistdn thefaceof competition. Its high A . is dueto its inability
to correctly determinethe buffer level at eitherthe sharedink or the wirelesslastlink. Oncea large ROTT is measued
dueto high buffer levelsat bothlocations,it cannolonge correctlygawge thelevel of eachindividual buffer. Note that
congestionlosscanoccurwith oneof the buffersfull andthe otherempty thehighROTT measuregreviously will make
theschemamisscongestionlossin suchcases.

The ZigZagschemeéhasconsistentlyhigh throudhputandlow congestionlossacrossall nunbersof flows. Although
it alsois basedon the ideathat congestionloss accompnieshigh ROTT, unlike the Spike schemethe exponentially
averagegdmearROTT gradually forgetspasthistory makingit immureto theoccasioal extremevalueof ROTT obseved.
However, thewirelesslink buffer doescausehigher ., especiallyasthe numker of flowsincreasesNeverthelessijt has
thesecondowestM . andthevariationis smallconparedo the othertwo basealgoithms. Although its M ,, is thehighest
amory all basealgoithms, at this opeatingrate,it doesnot affectthe performane of thethroughpu.

Summary. All differentiationalgorithns are ableto achiese high throughput whencompetirg with similar flows,
althoudh with alarge variaion in misclassificatiorrates.With its consistentlyhigh throughpu, low congestioross,and
low congestionmisclassificatiomate M ., ZigZagis the bestperfamerat this bottlene& ratein the WLH topology.

6.4. Competition in Wir elessBackbone

We now evaluatethe algorithns whenthereis competition on thewirelessbacklmnetopolayy.

Figure 10 shawvs theresultsof simulatingthe algoithmson the WB topdogy usingthe samemetricsandgrapls asin
Figure9. As Figure10 shaws, the performarce of the algoritrms whenthereis compdition in the WB topolagy is quite
differentfrom the WLH topolagy. Whenthe network hasmorethanoneflow, therearetwo maindifferencesbetweerthe
perfamanceof thealgorithns onthetwo topdogies:

1) Thepercemageof thesharedink bandwidh thateachflow canuse(dueto inherer chagacteristicof thistopdogy):



¢ In the WLH topology, the maximum receving rate of ary flow is bourdedby the rate of the wirelesslast link,
15Kbps. Thusno flow cangetmorethan150/(N = 130) = 1.15/N shareof thecomnon link bandwidh, where
N is thenumbe of flows.

¢ In the WB topdogy, the maximum receving rateof a flow could potentiallyreachthe capacityof the sharedink;
i.e.,theupperlimit ontheshareof thecomman link bandwidh for eachflow is 1.

2) Theaveragerateperflow (due to our chdce of the network paraméers):

e Theaveragerateperflow is fixedat 130Kbpsfor WLH
¢ IntheWB topology, theaveragerateperflow is 800N KbpswhenN < 8, and1600N Kbpsfor N=10,12,16. We
chesetheseaverag ratessothatthey would roughly correspondto average ratefor eachflow in the WLH topolagy.

Thequickandsignificantincreasef TCPandTFRCthrowgh-
put whenthe nunber of flows increasesdirectly reflectsboth

only oneflow at 15Kbps, their utilization is only 58% and 2 4 6 8 10 12 16

83%. OmniscientTFRC canfully utilize the availableband

30

of thesefactors. On the onehand,asthe de-syrmhrorization %mo A ™ S S
effect of wirelesserrortakesplace,ary flow thatis tempora- = % g % * é 90r . e
ily notaffectedby wirelesslosscanincreaséts sendingateto & *| -, @ gl
potertially useall theunusedbandwidh. Ontheotherhandas 2 ™ - I SO S SRe Sup e
the averag rateperflow decreasewith increasingate, TCP % 601y = gfna? ; T
cangethigher utilization of the bandwidh; with 10flows,the £ 5% « + Biaz i
averag rate per flow is 16(Kbps, and averag utilization is ;z 40f - ° QSE‘EZ § sof
90% and 97% for TCP and TFRC respectrely, while with g 2 Zigzag g, wl

il [=]

£

width, but with muchgreatercongestiorloss. Sinceit is not élo . | 20l

affectedby the wirelessloss, it is mainly the averagerateper % 5 L8 o o

flow that contibutesto the variation onthe gragh of conges- 2 | . o F 4t

tion lossvs. numter of flows. e 0 12 16 A

flows flows

Both Biaz schemesave high M, for more thanoneflow
becausehe wirelesslink is now shared. For Biaz to work
accuratelypacletsfrom thesameflow needo bebufferedone  Figure 10: Competitionin thewirelessbackbmetopology
afterthe otherat the wirelesslink. This situationis unlikely
whentherearetwo or more flows sharirg thelink. As aresult,their high A/ ,, make the Biaz scheme®ssentiallyuseless
asLDAs for thistopdogy; theirthroughput is abou the sameasoriginal TFRC.

The Spike schemeworks well in this topolagy asbuffer build up canstill happ@ at only oneplace. Thusthe Spike
schemeaccuratelydetermires congestionloss (M. closeto 0). As the numter of flows increasesthe buffer level gets
highe dueto the de-syntironizaion effectsof wirelessloss. Therefae, its M ,,, which is directly relatedto the average
buffer level, increasesccordimgly. As describedefore theincreasingd/ ., doesnotaffectits throughpu perfamance

The ZigZag schemehassimilar M. and M,, asin the WLH topdogy. Due to its high M ,,, changsin ZigZag
throughp follow the samepatternas TCP/TFRCflows. Figure8 shavs thataboutone quater of wirelesslosseverts
involve two consecutie pacletsbeinglost. Whentherearetwo flows in the network, the prabability that pacletsfrom
both flows get hit by a wirelesserra nearsimultareouslyis relatively high. At the averagerate of 400 Kbps per flow,
ZigZagis not ableto returnto the steady-stateongestionwindow sizequickly. However, the ZigZag schemes ableto
fully usetheavailablebandvidth whentherearefour or moreflows. Thereasorfor thisis duepartly to thefactthatthere
arevery few wirelesslossesinvolving morethan2 paclets,andpartly becausef lower average rateper flow. Finally,
althoudh its M. is mostlylowerthanin the WLH topdogy, dueto thefirst differencebetweerthe two topolaiesstated
above, its M, is more costlyin this environment.Therebre,it hashighercongestionlossthanin the WLH topdogy.

Summary. The Spike schemeperiormsthe bestin this kind of topolagy sincethe chang of ROTT directly comes
from the buffer wherecongestionlossalwaysor mostly hagpens.



6.5. Summary
In summay, our evaluationof the basealgorithns shavs that:

¢ Whenthereis only oneflow in the network, the Biaz and Spike algorithms perfam essentiallthe sameon both
topolagies. ZigZag however, is sensitve to the bottleneckink bandvidth dueto its relatively high M ,,: it perfamswell
atthelow link ratesbut its throughpu decreaessignificantlyat higher link rates.

e Whenthereis competition amongflows in the WLH topdogy, ZigZag performs the bestwhen the sharediink
bandvidth is lessthanor closeto the total aggrejatedwirelesslinks bandvidth. Modified Biaz alsoperformswell when
thereis alarge (> 6) numberof flows. Theoriginal BiazandSpike scheme®othhave anunaccefably high M ..

e Whenthereis competition amoryg flows in the WB topdogy, the bestschemes Spike. ZigZagis still useful,
althoudh it suffers from a high corgestionloss.Both Biaz schemedosetheir differentiationability andperfam thesame
asTFRC.

We concludethatnoneof the basealgorithns perfams corsistentlywell acrossopdogiesandin thefaceof compe-
tition from othe flows. As aresult,we now investigatewhethemwe canenhancethe basealgoithmsto find a designthat
perfamswell acrosdifferert topolagiesanddifferent nunbersof competimg flows.

7. EVALUATION OF ALGORITHM HYBRIDS

Sinceno single basealgoritim periormedwell acrossall topdogiesandin the faceof competitian, in this sectionwe
investigatehybrids of the basealgaithms. In the WLH topdogy, ZigZagandmaodifiedBiaz behae very well, while in
the WB topdogy, Spike is the bestperfamerandZigZaghassomeusefulnessObservimg this behaior, canwe design
aswitchingalgoithm thatcanselecttheright schemdor theright topolog/? Thekey is to differentiatebetweerthetwo
topolagiesbasedon sometransmissiorcharactdstics. Looking at why Biaz failedin the WB topolagy providessome
insight: the maindiffererce betweerthe two topolaiesis whetherthewirelesslink with the lowestbandvidth is shared
or not.

Whenthe lowestbandvidth link is sharedthe averagepaclet inter-ariival time (T',,,4) would becloseto N * T, 5,
whereN is the numter of flows which sharethelink, andT,,,;,, is the minimum interarrival time. If the slowestlink is
notsharedthenT,,, shouldbecloseto T',;,. Ty, is computedby exponentialaveragng:

Tavgnew = 0.75 % Tyhyg previous + 0.25 * inter_arr_time /pkts

Hereinter_arr_time is theinstantaneosinter-ariival time (time betweerarrived paclets)andwe divide by the numker
of pacletsthatseparate¢hearrivedpaclets;therebreT,,,, is usuallysmallerthaninter _arr_time andin factcantake on
avaluesmallerthanthe minimuminter arr time.

Let Trnorr = Tovg/Tmin- In the WLH topdogy, Therr =~ 1; while in the WB topolagy, Therr = N, whereN
is the nunber of flows sharingthe link. However, whenthe connetion startsup, the real T',,,;,, may not be obsered
immediatelythusT,, . couldbe< 1. Also, whentherearetwo flowsin the WB topdogy, T~ couldoscillatebetween
1 and2. In bothcaseswe cannotdeternine thetopdogy with high confidence.Our solutionis to useZigZagduring this
perioddueto its relatively consistenperfamancen bothtopolagies.

7.1.ZBS Algori thm

Basedon this idea,we introdwce a hybrid algoithm, ZBS
(Figurell),whichworksasfollows:

if (Tarr < 0.95) US€ZigZag; Zigzag mBiaz Zigzag Spike

elseif (Torr < 1.1) usemBiaz; l l I I

elseif (Tar, < 1.5) useZigZag 0 0.95 1.1 15  Tagy

elseuseSpike; min
Modified Biaz is usedfor the WLH topolagy wherethe Figure 11: ZBS scheme

wirelesdlink is notsharedto take advartageof its low A, and
M, (comparedto ZigZag), andhigh throughput. Spike is usedin the WB topolagy whereit hasthe bestperfomance.
ZigZagis not usedfor the WLH topdogy dueto its sensitvity to the opeatingrate. Instead we useit for casesvhere



theundelying topdogy is not clear mostly at the beginning of the conrectionandwhenthe numter of competing flows
changsin themidde of theconnetion.

ZBS startswith theZigZagschemeasit hasno knowledgeabou the underlyingtopdogy atthattime. It thenupdats
Tavg andmoritors Ty, atevery pacletarrival. We seta locking periodof 3 second or 50 pacletsreceved, whichever
comedfirst. Thelocking periodis theminimum durationa schemanustbe usedbefore switchingto a differentone. This
preventsfrequent switcheswhich might othemwise occu from start/stopof shortlivedtraffic streamspccasionakevere
wirelesserra, etc.

After the locking period ZBS appliesthe above topolagy determinéion algoithm, anddecidesthe next schemeto
use.If it usesa differentbaseschemethelocking peria is reset,andthe nev schemas frozen for thatperiod If anew
schemds not chosenat the expiration of thelocking period ZBS appliesthetopolagy determinéion algoithm at every
pacletarrival thereafer, andis freeto switchwhennext indicated.

We derivedthethreethreshold asfollows:

e 0.%: If the uncerlying topolagy is WLH, the smallestT,, .. hapgnswhenall pacletsarebuffered oneafterthe
otherbeforethelastlink andwe have sererecongestionoss. With a congestionlossrateof 9%, oneoutof 11transmitted
pacletsis lost. For the recever, this meansthat, out of 10 inter-arival periods of lengthT',,,;,,, One correspondsto 2
paclets,and9 correspadto 1 paclet. ThusT,,,» = (9 + 0.5)/10 = 0.95. As 9% congestionlossis very high, thisis a
geneousconditionfor concludng a WLH topdogy.

e 1.1: If thewirelesslink is fully utilizedandnotshared?,,.,» wouldequal 1. It wouldbegreatethanl if thelink is
notfully utilized. Sincethe upperwindow of modifiedBiazis 1.2 x T',;,, andit classifiednostcongestionlosscorrectly
we choosearoughly comparablethreshdd for T',,,.,.-. A smallervalueof 1.1is usedbecausé’,, .- takeslost pacletsinto
accoum, including thoselost to congestionwhich tendto give lower T',,,.-. Nevetthelessthis upper limit for decidirg
WLH topolagy mightbetoorestrictive asit allows verylittle gapbetweerpacletsarriving atthewirelesslink buffer. We
will expeimentwith lessrestrictive valuesin our future work.

e 1.5: If the undelying topolayy is WB with 2 sharingusers,the average inter-arival time assumingthe shared
bottlenek link is fully utilized is Zf;(%)i = 2T,.:n- However, dueto congestiodossandvatriation, oftenit couldbe
lowerthan2. We tookthe averageof 1 and?2.
7.2.ZBS2 Algorithm

ZBS assumeghe wirelesslink is closeto fully utilized.

This assumptionrmay not alwayshold. In the WLH topdogy, 2 1 throughput 1o Misclassification
becausé¢he sharedink bandvidth is lessthantheaggegated £ 9 s a s |
total of thewirelesslinks, onaverageonly 86% of thewireless & /& * © * 70 oo} ;
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To solve the prodem, notice thatin the WLH topdogy, fous
whenits wirelesslink is undeutilized, the varianceof ROTT congestion loss
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sharedink, while T',;,, is determiredby thetransmissioime §3 g8 Tee

over the wirelesslastlink which hassmallerbandwidh. On g2 © ol 4
the otherhand in the WB topdogy, the varianceof ROTT is 81 '

always comparableto T3,;, becasge both of themare deter Eoz‘z T R P T BT

minedby thebandwidh of thewirelesssharedink. flows flows

Basedonthis,we modfy ZBSwhenT,,,.., > 1.5. ZigZag
is usedin thespecialcasewhenSpike is notapprgriate(caus-
ing toomuchmisclassificatioof congestionloss).We call this
ZBS2:

if (Tharr < 0.95) useZigZag;

Figure 12. Switchingschemesn wirelesslasthoptopology



elseif (Torr < 1.1) usemBiaz;

elseif (T4 < 1.5) useZigZag

elseif (rottge, < 0.5 % Thyin) USEZigZag
elseuseSpike;

7.3.ZBS3 Algorithm

To obtainlower congestiorloss, one could useZigZag wheneer (rott ge, < 0.5 * Tpnip) regardlessof Ty,q--. There
is one prablem: with only 1 flow in a network with high bottlereck rate, ZigZag would be heavily used. As seenin
Section6.2,ZigZaghaslow utilization of the bottleneckbandvidth. To solve this problem, Spike is usedif thediffererce
betweerthecurentROTT andROTT ,,,;,, is lessthan5% of the minimum interarival time. If theminimuminterariival
time obsered equalsthe time to transmitonepaclet over the bottlene& link, this is equivaentto oneadditionad paclet
buffered at a link with 20 (51%) timesbandvidth asthe bottlereck link. Oneway to understandhis is to think of it as
giving ZigZaga pushto sendit into thenormal operatig window sizequicky whereverthebuffer level atthebottlenek
is closeto empty

In summarythis new schemewhichwe call ZBS3,worksasfollows:
if (rott — rott,in < 0.05 % T,y ) useSpike;
elseif (rottgey < 0.5 % Thnin) US€ZigZag
elseuseZBS;

Figures 12 and 13 shaw the performane of the switch-
ing schemesModified Biaz, Spike andZigZagareshown for

. = throughput misclassification
comparison. D 100; g mg g 100 66—
§ EY 5 90 . SE . i
7.4.Summary 2 w0 bl N B
2 A o Zi 2 ] ADA
Al threeswitchingschemeschieredhighthroughpu close 3 ™ - - R R
to omniscientraffic in bothtopologesandacrossall numters ‘_E 601 . e g )
D b
Of ﬂOWS' E 2 4 6 8 10 12 16 '%
fl - 5ol
In the WLH topolagy, both ZBS2 andZBS3 have lower congestion loss g7
M, andlower M,, thanZigZag; ZBS hashigher M, asdis- 2 g 4or
cussedpreviously. The congestia loss of both ZBS2 and §6 v i a0l
ZBS3is low (3%—%%). §4 6% s § Zoi
In the WB topolagy, all 3 switching schemeshave M, Ez . : 4 & © 4
closeto 0, and M, similarto thatof Spike. § % /
2ot L

Thus, all 3 switchingschemegperfomedwell acrosdif- L s e o s e
ferenttopologesanddifferentnumtersof flows. In mostcases,
ZBS2andZBS3matchedr exceededhe performane of the
bestbasealgoithm for thatscenario. Figure 13: Switchingschemsin wirelessbackbore topology

8. CONCLUSION

In this papemwe evaluatedhreebasealgoithmsfor differentiatingcongestiorandwirelesslossedor usewith congestion
sensitvevideotranspor protacols. TheBiaz algoritmsperfom well in isolationonthewirelesdasthop(WLH) topdogy

for whichthey weredesignd, but losetheir ability to differentiatewhenthewirelessbottlenek link hascompetitionfrom

otherflows. The Spike algoithm perfams well in the wirelesshackbme (WB) topolog, particularlywhenthereare
competingflows. The ZigZagalgorithm, a new algoithm we proposein the pape, hasrelatively corsistentperfamance
acrosdifferent topdogiesandcompdition, but its performarceis sensitve to its sendimg rate.

Geneally speakingwe find that LDAs baseduponpaclet inter-arival times (Biaz and mBiaz) do not behae well
whenthereis competition for the bottleneckwirelesslink, andareonly suitablefor a particula topology andno compe-
tition onthewirelesslink. TheLDAs baseduponROTT (Spike, ZigZag), however, areableto correlatecongetionwith



particula lossesnuchmore accuratelyacrossa wide range of scenaris, althoudy they mayhave relatively high wireless
misclassificatiomatesin particularsituations.

Basedontheinsightwe obtaired evaluatirg the basealgorithms, we thenproposedthreehybrid schemeshatattempt
to chaosea different basealgorithmbestsuitedto the currert topolog. The chdce is mainly basedon the relatiorship
betweerthe inter-arrival time andits minimum. Two of the threehybrid schemedulfilled our goal: they have excellent
perfamanceacrosothtopdogies,regaidlessof the numkber of competimg flows.
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