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Abstract

This paper considers AIMD-based (Additive-Increase
Multiplicative-Decrease)congestion control mechanisms
thatareTCP-compatibldi.e., thatcompetereasonablyairly
with TCP), but that reducetheir sendingrate less sharply
thandoesTCPin responseo asinglepacletdrop. Thepaper
then briefly compareghesesmootherAIMD-basedconges-
tion control mechanismawith TFRC (TCP-Friendly Rate
Control), which makes use of equation-basedongestion
control.

1 Introduction

This paperexploresunicast AIMD-based(Additive-Increase
Multiplicative-Decreasejongestiortontrolmechanismghat
are TCP-compatiblejn thatthey competereasonablyfairly
with existing TCPR, but that avoid TCP’s halving of the con-
gestionwindow in responsdo a single paclet drop. TCP’s
congestioncontrol mechanismsre a good choicefor most
currentapplicationsasTCPis very effective at rapidly using
bandwidthwhenit becomesavailable. However, for some
applicationgherequiremenfor relatively smoothchange®f
thesendingateis moreimportantthantheability to make op-
portunisticuseof increasesn availablebandwidth.For such
applicationsakey reasomotto useTCP’scongestiortontrol
mechanismss to avoid theabrupthalvingof thesendingrate
in responseao a singlepacletdrop. This noteexploresTCP-
compatibleAIMD-basedcongestiorcontrolmechanismghat
avoid this decreasén the sendingrateby half in responsé¢o
asinglepacletdrop.

[FHPWO(Q presented FRC(TCP-FriendlyRateControl),
a mechanisnfor equation-basedongestioncontrol, where
thesendedirectly adjustdts sendingateasafunctionof the
pacletlossratereportedby the recever over someperiodof
time. However, equation-basedongestiorcontrolis not the
only possiblemechanisnfor TCP-compatibleunicastcon-
gestioncontrolwith relatively smoothchanges$n thesending
rateovertime. Relatvely smoothchangesn thesendingrate
canalso be accomplishedy using AIMD congestioncon-
trol with amoderatenultiplicative decreasé thecongestion
window in responseo a packetdrop,or by usingotherfami-

lies of congestiorcontrolalgorithmswith otherfunctionsfor
reducingthe congestiorwindow in respons¢o a pacletdrop
[BBOQ.

In this paperwe let AIMD(a, b) congestion control referto
pure AIMD congestiorcontrol thatusesanincreaseparam-
etera anda decreas@arameteb. Thatis, afteralossevent
the congestiorwindow is decreasedrom W to (1 — b))V
paclets, and otherwisethe congestionwindow is increased
from W to W + a pacletseachround-triptime. We usethe
termTCP(a, b) congestion control to referto TCPcongestion
control modified to use AIMD(a, b). Currently TCP uses
AIMD(1, 1/2) congestiorcontrolalongwith the congestion-
control-relatedmechanism®f the retransmittimer and the
exponentiabacloff of theretransmitimerin periodsof high
congestion. Given the long familiarity in the Internetwith
TCR themostobviouschoicefor a congestiorcontrolmech-
anismthatreducests sendingratemoresmoothlythan TCP
wouldbeTCP(, b) with adecreasparameteb lessthanl/2.
Thus,anaturalquestionin evaluatingequation-basedonges-
tion controlis to comparet with TCP(a, b) congestiorcon-
trol.

2 TCP-Friendly Rate Control

TFRC is an equation-basedongestioncontrol mechanism
wherethe senderadjustsits sendingrateasa function of the
measuredoss event rate. For mostunicastflows that want
to transferdatareliably and as quickly aspossible the best
choiceis simply to useTCP directly. TFRCis designedor
applicationghatwould preferto maintaina slowly-changing
sendingrate,while still beingresponsie to network conges-
tion over longertime periods(secondsas opposedo frac-
tions of a second). We describeTFRC briefly in this sec-
tion; TFRCis describedn detailin [FHPWO0O],andis imple-
mentedn the NS simulator

In TFRC, the senderusesa responsdunction that main-
tainsa sendingratethatis TCP-compatiblein thatin steady-
stateit usesno morebandwidththana conforman{TCP with
acomparabldosseventrate,round-triptime,andMTU.

In TFRC, the senderbegins with a slow-start procedure
similarto TCR roughlydoublingits sendingrateeachround-
trip time until congestionis encounteredOncea pacletloss



hasbeendetectedthe recever estimateghe losseventrate,
wherea loss event consistsof one or more pacletsdropped
within a singleround-triptime. The TFRC senderusesthe
TCPresponséunction

S
T= (1)
R\/Z + trro(31/2)p(1 + 32p?)

from [PFTK9g, which givesan upperboundon the send-
ing rate T' in bytes/secas a function of the paclet size s,

round-triptime R, steady-stat®sseventratep, andthe TCP
retransmittimeoutvaluetgro. The TFRC senderusesthe
responsdunction (1) to adjustits sendingrateasa function
of the measuredound-triptime andthe reportedioss event
rate. Theuseof theTCPresponséunctionensureshatTFRC
competedairly with TCPoverlongtime scales.

A key issuein thedesignof TFRC concernghetime con-
stantsusedin estimatingthelosseventrate. Thesetime con-
stantsdetermineTFRC's transientresponséo congestionpr
tothesudderabsencef congestionTFRCestimatesheloss
eventrate over the eight mostrecentlossintenals, wherea
lossinterval is definedasthepacletstransmitteetweeriwo
consecutie loss events. From [FHPWO0(Q, TFRC requires
roughlyfiveround-triptimesto reducets sendingatein half.
In theabsencef congestionTFRCincreasedts sendingate
by atmost0.28pacletsperround-triptime.

3 AIMD congestion control

In this sectionwe review thebehaior of AIMD( a, b) conges-
tion control.

3.1 Thedeterministic AIMD responsefunction

To explorethe AIMD responséunctionfor AIMD( a, b) con-
gestioncontrol, in this sectionwe considerthe determinis-
tic AIMD modeldescribedn [Flo91, FF99, ratherthanthe
stochasticTCP model from [PFTK9g. The deterministic
AIMD modelassumeshata pacletis droppedeachtime the
congestiorwindow reached¥ paclets,asshavn in Figure
1. In contrastthe stochasticT CP modelfrom [PFTK9§ as-
sumeghatpacletsaredroppedwith a randomprobability p,

andtakesinto accountthe role of TCP retransmittimeouts.
The stochasticTCP modelfrom [PFTK9§ givesa consider

ably more accuratemodelfor TCP; however, the determin-
istic AIMD modelis usefulfor focusingon the role of the
increaseanddecreasgarameterg andb in AIMD conges-
tion control.

For thedeterministicAIMD model,we defineacongestion
epoch asaperiodbeginningwith acongestiorwindow of (1—
b)W paclets.Thecongestiorwindow is increaseddditively
by a pacletsperround-triptime up to a congestiorwindow
of W, whena paclet is dropped. The congestionwindow
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Figurel: TCP’'scongestiorwindow in steady-state.

is thendecreasednultiplicatively backto (1 — b)W. Each
congestiorepochconsistof

by 1
a

round-triptimes.We let S denotethe sendingratein paclets
perRTT, andwe let T' denotethe sendingratein pacletsper
sec. For the deterministicmodel, the averagesendingrate
over onecongestiorepochis

S=—W (2)
pacletsperRTT, or
T=—W 3)

pacletspersecond.
This givesatotal of

<9W+1>S= (9W+1> 20y
a a 2

2a
pacletsin onecongestiorepoch,with one of thesepaclets
droppedat theendof the congestiorepoch.The paclet drop

ratep is therefore

2a

P e —ywr + a2 - bW @
or, usinganapproximation,
2a
RIS ®

Usingthe approximatiorin Equation(5), we getthe follow-

ing:
2a
Wa | o—. 6

b(2—b)p ©)

We definethe AIMD response function T, 4. r,, Or T' as

the AIMD flow’s steady-statsendingrateT' in pacletsper

secondn the deterministicmodel. The responsdunctionis

a function of the decrease/increagmrametersa andb, the



round-triptime R, andthe pacletdropratep. Welet T, 4 r
orT denotetheapproximatesolutionto 7, 4z, . Substituting
Equation(6) into Equation(3), we getthefollowing:

V2—bya
V2bR\/p

The preciseversion of the AIMD responsefunction in
Equation(7), from AppendixA, is asfollows:

T pa(—2+b) + /p(—2+b)a (pba — 8b — 2 pa)
o 4pbR

T = (7)

3.2 AIMD(a, b) and AIMD(1, 1/2) congestion
control

In this sectionwe give roughguidelinesfor a andb parame-
tersfor which AIMD( a, b) congestiorcontrolis compatible
with AIMD(1, 1/2).

Applying the AIMD responsdunctionfrom Equation(7)
to AIMD(1, 1/2), we getthewell-known versionof the TCP
responsdunction[TCP]:

- V1.5
Ti,1/2,Rp = R—\/T) (8)

In orderfor AIMD( a, b) to have the samelong-termsending
ratein relationshipto the paclet droprateasAIMD(1, 1/2),
we wouldlike to have the sameresponsdunctions:

Tap,rp =T1,1/2,Rp-

As afirst step,we canspecifyvaluesfor a andb thatgive the
sameapproximateesponséunctions:

Tap,rp = T1,1/2,R,ps

> V2Z=by/a V15
V2bR\p  RP

Thisis equivalentto thefollowing:

3b
2-b)

Thus,theapproximatesolutionof thedeterministicAIMD
modelsuggestghat AIMD(3/7, 1/4) and AIMD(1/5, 1/8)
shouldeachcompeteaeasonabléairly with AIMD(1, 1/2).

Abandoningheapproximateesponséunctions,we could
also specify valuesfor a and b that give the samevalues
for the exact responsdunctionsin the deterministicAIMD
model:

(9)

Ta,b,R,p = T1,1/2,R,p7
or equialently,

—2pa + pba+ /p(—2+ b)a (pba — 8b — 2 pa)
4pbR

_043\/(Bp+8) 0.75
N VPR R

Solving this with the mathematicpackagemaple [WMI ]
shaws that for decreasdactorsof b = 1/4 orb = 3/7,
the prescribedvalue for a using the exact responsefunc-
tions is similar to the prescribedvalue using the approxi-
materesponsdunctions. For example,for a decreasdac-
tor of b = 1/8, the approximateAIMD responsdunction
specifiesan increasefactora of 0.2 for compatibility with
AIMD(1, 1/2),while theexactAIMD responséunctionspec-
ifies anincreasdactora rangingfrom 0.197to 0.192asthe
losseventratep rangesrom 0.001to 0.5.

4 A comparison of TCP and TCP(a, b)
congestion control, for TCP-
compatible congestion control

AIMD(a, b) congestioncontrol could be implementedei-
therin a congestion-winda-basedversionsuchas TCR, or
in mechanismsuch as RAP [RHE9Y, which implements
a rate-basediariantof AIMD. So far, our simulationswith
AIMD congestioncontrol have all beenwith TCRE and not
with arate-basedariantsuchasRAP. Because¢he RAP im-
plementationin NS doesnot include slow-start, and does
not model the congestioncontrol mechanism®&f TCP’s re-
transmittimers, we have not run simulationsusing RAP’s
rate-based\IMD congestioncontrol. For simulationswith
moderatepaclet drop rates,we expectthat RAP would give
basicallythe sameperformanceas AIMD with the samein-
crease/decreaparameters.

The deterministic AIMD model suggests that
TCP(@/5, 1/8) should compete fairly with standard
TCP In this sectionwe usesimulationgo exploretherelative
fairnessof TCP and TCP(, 1/8) congestioncontrol, for
variousvaluesof a.

Figure2 shavs simulationsof standardSACK TCP flows
competingwith SACK TCP(1/5, 1/8) over a 60Mbpslink.
In thesesimulations, TCPandn TCP(/5, 1/8) flows share
a commonbottleneck.The graphshaws the throughputover
thelast60 secondof simulation,normalizedsothata value
of onewould beafair shareof thelink bandwidth.Thegraph
displaysa mark shaving the throughputfor eachflow. The
dashedandsolid lines shav the meanthroughputof the TCP
andthe TCP(/5, 1/8) flows, respectiely. Thelower graph
in Figure2 shaws the averagepaclet dropratefor eachsim-
ulation. The simulationsin Figure2 shawv thatwith a 2-3%
paclet droprate, TCP(l/5, 1/8) flows receve only 70% of
thebandwidthrecevedby TCPflows.

Figure 3 shawvs standardSACK TCP flows competing
with SACK TCP(l/5, 1/8) over a 15Mbpslink, and Fig-
ure 4 shavs the samesimulationsusing TCPQ/5, 1/8).
The simulationsshowv that TCPQ/5, 1/8) comescloserthan
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Figure3: TCPcompetingwith TCP(/5, 1/8), with RED.

TCP(/5, 1/8) to receving the samebandwidthasTCP. The
resultsare similar with Drop-Tail queuemanagementand
with RED with ECN. We do not have a goodexplanationfor

thisdiscrepang betweerthetheoreticapredictionsof thede-
terministicAIMD modelandtheactualsimulationsvith TCP

Onefactorcould be the assumptiorof regular, deterministic
dropsin the deterministionodel;anotherfactorcouldbethe
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Figure4: TCPcompetingwith TCP@/5, 1/8), with RED.

role playedby retransmittimeoutsfor TCP in regimeswith
high pacletdroprates.

5 A comparison of equation-based and
AIMD congestion control

This section comparesequation-baseaongestioncontrol
with the AIMD family of congestioncontrol mechanisms.
The most obvious advantage of TCP@, b), relatve to
equation-basedongestiorcontrol,is that AIMD congestion
controlis familiar andreasonably-welunderstoodin terms
of fairnessstability, oscillations,and otherproperties. The
mostolviousdisadwantageof TCP(, b), relative to equation-
basedcongestiorcontrol, is that equation-basedongestion
controlhaslessabruptchangesn the sendingrate;arny con-
gestioncontrolbasedon AIMD inherentlyincludesan oscil-
lationin thesendingate.

Figure 5 shavs TFRC competingwith TCP(/5, 1/8).
The simulationsin Figures2 and 5 shav similar results,
that TCP(/5, 1/8) is somevhatlessaggressie thaneither
TCPor TFRC.Figure6 shavs TFRC competingfairly with
TCP@/5,1/8).

5.1 Transient response

The responsef TCP(, b) to a suddenincreasein conges-
tion is easilyquantified.For example,a flow usingTCP(, b)
congestiorcontrolwould requirelog; _, 0.5 round-triptimes
of persistentcongestionto reduceits sendingrate by half.
Thus,for b = 1/8, TCP, b) takesmorethanfive round-trip
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timesof persistentongestiorto reducethe sendingrate by
half, while for b = 1/4, TCP(g, b) takesonly threeround-trip
times.

Analysisand simulationsin AppendixA.2 of [FHPWO0(Q
shav that TFRC generallytakesfive round-triptimesof per
sistentcongestiorto reducethe sendingrate by half. Thus,
TFRCrespondsoughlyaspromptlyto a suddenincreasen
congestiorasTCP(, 1/8).
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Figure7: Tradeofs betweemesponsienesssmoothnesgnd
aggressieness.

For AIMD( a, b) for aspecificvaluefor b, Equation9 gives
thevaluefor a thatresultsin the sameresponsdunctionsfor
AIMD(a, b) and AIMD(1, 1/2) in the deterministicsteady-
stateervironment.As thesimulationsabore have shovn, this
doesnot necessarilymply that TCP@, b) and TCP(1,1/2)
sharebandwidthexactly equallyin our simulationerviron-
ments.Neverthelessin this sectiorwe will useEquation9 to
give thea andb parametergor TCP-compatiblecongestion
control.

In this sectionwe considertthetradeofs betweersmooth-
nessresponsienessandaggressienesgor TCP-compatible
congestiorcontrol. We definesmoothness asthe largestre-
ductionof the sendingratein oneround-trip-timein the de-
terministicsteady-statscenario.The closerthe smoothness
metricis to one thesmoothethesendingateovertimein the
steady-statscenarioFor TCP(a, b) thesmoothnesmetricis
1 — b, andfor TFRCthe smoothnesmetricis 1.

We define responsiveness as the number of round-trip
times of sustainedcongestionrequiredto reducethe send-
ing rateby half. Thus,a smallerresponsienessmnetric cor-
respond¢o a morepromptresponséo sustainedongestion.
For TCP(, b) theresponsienessnetricis log; _;, 0.5, andfor
TFRCtheresponsienessnetricis 5.

We define aggressiveness as the maximum increasein
sendingrate in oneround-triptime, in paclets per second,
giventhe absencef congestion.For TCP(, b), the aggres-
sivenessnetricis simply theparameten. Analysisandsim-
ulationsin AppendixA.1 of [FHPWO0(Q shaw that TFRC'’s
increaseateis atmost0.14pktsperRTT duringnormalcon-
ditions,andatmost0.28pktsperRTT whenhistorydiscount-
ing hasbeeninvoked, giving aggressienesanetricsof 0.14
and0.28,respectiely.
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Figure8: TCP[2/5,1/8] (left column)andTCP (right column)flows, with RED andECN, for N = 16.

The top graphof Figure 7 shavs the tradeofs between
smoothnesandresponsienesg$or TCP(, b) congestiorton-
trol, and compareghesewith TFRC. For the top graph of
Figure7, eachdot on theline labeledAIMD correspondso
a specificvalue of b for TCP(, b) congestioncontrol. For
the dot for eachvalueof b, the z-axis shaws the responsie-
nessandthe y-axis shovs the smoothnessThe dark square
on the graphshaws the smoothnessnd responsienessor
TFRC.As thegraphshons, TFRCgivesthe optimalsmooth-
ness,with no reductionin the sendingrate from oneround-
trip timeto thenext in thedeterministicsteady-statecenario.

Thebottomgraphof Figure7 shonvsthetradeofs between
aggressienessandresponsienesdor TCP(g, b) congestion
control,andcompareghesewith TFRC.Figure7 showvsthat
TFRCincreasetts sendingate,in theabsencef congestion,
roughlyasaggressielyasTCP(1/5, 1/8) congestiortontrol,
while having superiorsmoothness.

5.2 Smoothnessin steady-state

The sectionsabove have shovn that TCPQ/5, 1/8) and
TCP@/5, 1/8) both have similar transientbehaior to that
of TFRC, in termsof the responseo persistentongestion.
However, TFRC hasa smoothersendingrate; TCP(, 1/8)
reducests sendingrateto 7/8-thsof its previousvaluein re-
sponseo eachpaclet lossevent, andin steady-stat§ FRC

avoids this reductionin the sendingrate. In this section,we
explorethedifferencedetweenTFRC, TCR, TCP(/5, 1/8),
andTCP@/5, 1/8) in the variation of the sendingrate over
shorttime scales.

Figure8 shavs individual flows from a simulationwith 16
TCP@/5, 1/8) and 16 TCP flows competingon a 15 Mbps
congestedink. This simulationis from Figure 4, and has
roughly a 4% paclet drop rate. As shavn in Figure4, the
TCPR/5, 1/8) flows receve slightly more bandwidththan
the TCPflowsin this simulation.

Eachgraphshaws oneflow’s throughputon the congested
link duringthe secondfifteen secondf a 500-secondgim-
ulation. The throughputis averagedover 0.2 secintervals.
This interval is twice aslong asa typical round-triptime for
this simulation? At the bottomof eachgraph,thereis a“+”
for eachpaclet droppedandan“x” for eachpacket marked
in thatflow. The queuesuseRED queuemanagemeniith
ECN. We have run thesesimulationswith both RED and
Drop-Tail queuemanagementwith and without ECN, and
for differentvaluesfor the bandwidthof the congestedink,

1The round-triptime in the absenceof queueingdelay rangesfrom 44
to 64 ms., andthe averagequeueingdelayat the congestedouter for that
paclet droprate,is 33 ms. The simulationsin Figure8 wererun with RED
gueuemanagemeranthe1l5Mbpscongestedink, with theRED parameters
setasfollows: min_thresh is setto 25 paclets, max_thresh is setto five times
min_threshmaxp is setto 0.1,andthegentle. parameters setto true.
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Figure9: TFRC(left column)andTCP (right column)flows, with RED,for N = 16.

with similar results.

Figure8 shavsthatthe TCP/5, 1/8) flowsaresomevhat
lessburstythanthe TCPflows.

Figure9 shavs 16 TFRC flows and 16 TCP flows in the
samesimulationscenarioagainwith anaveragepaclet drop
rate of 4%. The TFRC flows in Figure 9 are considerably
smootherthanthe TCP flows, andthanthe TCP@/5, 1/8)
flowsin Figure8.

In orderto betterquantify the short-termburstinesof the
differentflows, the graphsn Figures10 shawv thethroughput
ratiofor thesendingateoveradjacentntenals. Let T; bethe
sendingratefor aflow overthei-th time intenval. We define
aflow’sthroughput ratio for thei-th interval as

T;
Ti-1

A throughputatioof 1 meanghattheflow’ssendingatewas
thesameoverthetwo adjacenintervals,aratio lessthanone
meanghatthe sendingrate decreasedver the two adjacent
intervals,andaratio greatethanonemeanghatthe sending
rateincreased.

The upperleft graphof Figure10 showvs a line for eachof
the 16 TFRC flows in the simulationfrom Figure 9, where
eachline givesa histogramof the throughputratiosfor all of
the0.2-secondhtervalsin thatflow overthe500-secondim-
ulation. For eachflow, the histogramof throughputratiosis

plottedover 20 possiblerangesfrom zeroto two. For exam-
ple,thefractionof throughputatiosthatfall betweerl.0and
1.1is plottedby a point with the z-coordinateof 1.05. The
y-coordinatefor that point givesthe fraction of throughput
ratioswithin therange[1.0, 1.1) for the 0.2-secondntenvals
of thatflow.

Theupperleft graphof Figure10 shavs thatfor the TFRC
flows in the simulationwith the throughputratio computed
over0.2-secondhtenals,thethroughputatio wasalmostal-
ways at least0.7, meaningthata TFRC flow’s sendingrate
wasrarely reducedo belowv 70% of its previousvaluefrom
one0.2-secondntenal to the next.

The four rows of Figure 10 give the throughputratiosfor
TFRC, TCR TCP(2/5,1/8), and TCP(1/5,1/8) respectiely,
and the columnsgive the throughputratios computedover
0.2-second}l-secondand10-secondntenals. For the sim-
ulationwith TCP(2/5,1/8),the TCP(2/5,1/8) flows arecom-
peting with TCP; the sameholds for the simulationswith
TCP(1/5,1/8). Figure 11 shavs the cumulative distribution
functionsfor thesesamedistributions. Thus, Figures10 and
11 containroughlythe sameinformationin differentforms.

Theright columnof Figuresl0and11 shovsthatover 10-
secondntenals, TFRC s only slightly smootherthan TCR
Thatis, TFRCandTCParebothunlikelyto reduceheirsend-
ing rateto lessthat 50% of its previous valuefrom one 10-
secondintenal to the next, in the steady-stateonditionsin
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Figure10: Histogramof throughputvariation.

thesesimulations.

However, the middle columnof Figures10 and11 showvs
thatover 1-secondntenals, TFRCis significantlysmoother
than TCR In thesesimulations,TFRC is highly unlikely to
reduceits sendingrateto lessthat50% of its previousvalue
from onel-secondnterval to thenext, while for TCPareduc-
tion this sharphappendor more than 10% of the 1-second
intervals. This resultconcurswith the sendingratesshavn
in Figure 9, wherethe TCP flows are more likely thanthe
TFRC flows to reducetheir sendingrate by half from one
one-seconéhterval to the next.

Figures10and11 shav thatover0.2-seconéndl1-second
intervals, the TCP(2/5, 1/8) and TCP(1/5, 1/8) flows are
more smooththanthe TCP flows, but lesssmooththanthe
TFRC flows. The throughputratios of the TCP(2/5, 1/8)
and TCP(1/5,1/8) flows are quite similar, particularly over
1-seconchnd10-secondntenvals. However, the TFRCflows
aresignificantlysmoothethanthe TCP(2/5,1/8) or TCP(1/5,
1/8) flows; for example,the TCP(2/5,1/8) or TCP(1/5,1/8)

flows are considerablymore likely to reducetheir sending
rateto lessthat 75%of its previousvaluefrom one 1-second
interval to thenext. Again,thisconcurswith thesendingates
shawvn in Figures8 and 9 for the TFRC and TCP(2/5,1/8)
flows.

All of thesimulationdn thissectionconsisiof afixednum-
berof long-livedflows. A openquestionwould beto explore
the throughputratiosof TFRC, TCR, and TCP(, 1/8) in an
ervironmentwith two-way traffic andmary smallflows, with
an inherently burstier traffic mix. Also, in this sectionwe
have only exploredtherelative burstinesof TFRC, TCR, and
TCP(@, 1/8)in anenvironmentwith a 4% steady-statpaclet
droprate.It wouldbeinterestingo exploretherelative bursti-
nessat differentlevels of congestion reflectedin different
steady-statpaclet drop rates,andwith differentround-trip
times. This shouldalsobe amenableéo somesimplebut use-
ful analysis.

All of the simulationscriptsfor the simulationsin this pa-
perwill beavailablefrom [FHPWOQ.
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Figure1l: Cumulative distribution of throughputvariation.

6 Non-TCP-compatible
control

congestion

In this sectionwe digressbriefly to considerthe relative
throughputandpacletdropratesfor non-TCP-compatiblan-
stance®f TCP(, b) congestiorcontrol.

6.1 Steady-statethroughput

Considera TCP(, b) flow competingwith standardTCP in
a FIFO queue. Becausehe two flows are competingin a
FIFO queue,they experienceroughly the samepaclet drop
ratep. Assumethatbothflows have the sameround-triptime
R. Then,from Equationg7) and(8), the bandwidthreceved
by the TCP(, b) flow is roughly

(“%7) _ voiva )
Vis

timesthe bandwidthrecevedby the standardrCP

6.2 Steady-state packet drop rates

Inverting Equation(8), considera long-lived AIMD(1, 1/2)
flow with round-triptime R, andaathroughpubf roughlyT
paclets/secThe steady-statpaclet droprateto controlthat
AIMD(1, 1/2) flow would have to beroughly

1.5
P(1/2) = papz-
In contrast,inverting Equation(7), if the flow was instead

usingAIMD( a, b) congestiorcontrol,the steady-statpaclet
dropratewould have to beroughly

(2 -"b)a
Pah) = gppere-
This givestheratio p(q,,4)/p(1,1/2) Of the AIMD(a, b) paclet

droprateoverthe AIMD(1, 1/2) paclet drop rateasthefol-
lowing:

Pap) _ (2—Dbla

= 11
D(1,1/2) 3b (1)



6.3 Simulations comparing TCP and TFRC
with TCP(1, 1/8)

It hasbeensuggestedhat oneway to increaseshe smooth-
nessof TCP congestiorcontrol would be to changethe de-

creaseparametefrom 1/2 to 1/8, while leaving the increase
of onepacletperRTT unchangedThis sectionexploresthis

proposal,and shaws that TCP(1, 1/8) is significantly more

aggressiethatTCP
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Figure12: TCPcompetingwith TCP(, 1/8), with RED.

Thedeterministiaesponséunctionsin Equation(10) sug-
gestthata TCP(l, 1/8) flow would receie roughly v/5 =
2.23 times the bandwidthof a competingTCP flow. This
is confirmedin simulationsby Figure12, which shavs TCP
flows competingwith TCP(l, 1/8) flows. In thesesimula-
tions, at higher levels of congestiorthe TCP(, 1/8) flows
getalmosttwice the bandwidthof acompetingT CP flows.

Equation (11) suggeststhat a network with long-lived
flows using AIMD( 1, 1/8) could be expectedto inducea
steady-statpacletdroprateroughly 5 timesthatinducedby
AIMD(1, 1/2).

7 Summary of related work

Thereareawide rangeof potentialunicastcongestiorcontrol
mechanismshat provide a smoothersendingrate than that
given by TCP This includesnot only equation-basedon-
gestioncontrol and AIMD-based congestioncontrol, but a
numberof otherproposalaswell. We have compared’FRC
with TCP(, b) becaus@IMD is the defaultcongestiorcon-
trol mechanisnusedin thecurrentinternetin TCPtoday We
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have not comparedTFRC with other proposalsfor unicast
congestiorcontrol.

The Rate Adaptation Protocol (RAP) described in
[RHE9Y usesan AIMD rate control schemebasedon reg-
ularacknavledgementsentby therecever. Thesendetuses
theseacknavledgementso detectlost pacletsandestimate
the RTT. The senderadjuststhe rate every RTT, depending
on the presenceor absenceof lossin the mostrecentRTT.
For mild to moderatgaclketdroprates,RAP shouldgive the
samebehaior as TCP over timescaledongerthana round-
trip time.

Ottin [Ott99] considerAIMD congestiortontrolin anen-
vironmentwith ubiquitousExplicit CongestiorNotification
[RF99, whereit canbe assumedhat routerswill be mark-
ing ratherthandroppingpacletsto indicatecongestionOne
sectionof [Ott99] assumesn ervironmentwith ubiquitous
ECNwhere,in addition,compatibilitywith existing TCPim-
plementationss no longer required,and considersa range
of possibleincreaseand decreasalgorithms. For example,
[Ott99] includesdiscussiorof congestiorcontrolalgorithms
that would requirea higher paclet-markingrate than TCP-
compatiblecongestiorcontrol,andthatthereforecould only
beimplementedn anervironmentwith ECN. In thisnotewe
restrictour attentionto TCP-compatiblecongestioncontrol
mechanisms.

BansalndBalakrishnarin [BB0O] considebinomialcon-
gestioncontrol algorithms,wherea binomial algorithm uses
a decreasén responsdo alosseventthatis proportionto a
power! of thecurrentwindow, andthatotherwiseusesanin-
creasehatis inverselyproportionako thepower k of thecur-
rentwindow. AIMD congestiortontrolis aspeciakcaseof bi-
nomialcongestiorcontrolthatused = 1 andk = 0. [BBOQ]
considerseveralbinomialcongestiorcontrolalgorithmsthat
are TCP-compatibleand that avoid TCP’s drasticreduction
of thecongestiorwindow in responséo alossevent.[BB0OOQ]
specifieswhich binomial congestiorcontrol mechanismslo
anddo not shareTCP’s corvergenceto fairnessin an envi-
ronmentof synchronizedoss events. We would note that
the binomial algorithmsall showv the sametradeof between
smoothnessind responsienessas AIMD. Thatis, the line
for eachof thebinomialalgorithmson Figure7 is identicalto
theline for AIMD. However, for the binomialalgorithmsthe
tradeof betweeraggressienesandresponsienessvouldbe
afunctionof the currentcongestiorwindow aswell asof the
parametersf thecongestiorcontrolalgorithm.

[CO9] exploreschangingthe increaseand decreasea-
rameterdor AIMD sothata singleflow would getthe same
bandwidththat N TCPflows would have received.
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9 Conclusions

In this paperwe have consideredhe family of AIMD(a, b)
congestioncontrol mechanismsand comparedthem with
theequation-basedongestiorcontrolmechanisnTFRC.We
have shovn that TCP(/5, 1/8) and TCP@/5, 1/8) com-
petefairly equallywith TCP andwith TFRC, while avoid-
ing TCP’s reductionof the sendingrate in half in response
to a single paclet drop. At the sametime, we have shavn
that TFRC changests sendingratemoresmoothlythatdoes
TCP(/5,1/8) orTCPR/5,1/8), while having asimilartran-
sientresponséo a sudderincreasen congestion.
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A The deterministic AIMD response
function: amorepreciseversion

The approximatesolution of the deterministicAIMD re-
sponsdunctiongivenin Equation(7) usesanapproximation
stepin Equation(5). The morepreciseversionof the deter
ministic AIMD responséunctioncanbe useful. The precise
expressiorfor thepacletdropratein thedeterministicAIMD
model,givenin Equation(4), is asfollows:

2a
b(2—-b)W2+a(2-b)W'

Solving from maple (or from simple algebra)givesthe fol-
lowing:

p:

_ —2pa+pba+ /p(—2+b)a(pba — 8b—2pa)
B 2pb(2—b)

The preciseexpressionof the AIMD sendingrate S in
pacletsperRTT, usingEquation(2), is asfollows:
_ —2pa+pba+ \/p(—2+b)a(pba —8b— 2pa)
N 4 pb

w

S

(12)

A.1 The deterministic response function ap-
plied to AIMD(1, 1/2)

Applying the deterministic response function to
AIMD(1, 1/2), we get the following sendingrate S in
pacletsperRTT:

S = 043— V<3p+8) —0.75.
VP
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Figure 13: Exactvs. approximatesolutionsto the sending
ratefor AIMD(1, 1/2) in thedeterministionodel.

Figure 13 compares the exact solution for the
AIMD(1, 1/2) sendingrate given above to the approxi-
matesolutiongiven earlierof S = v/1.5/,/p. For smaller
values of p, the exact and approximatesolutions for S
in the deterministicmodel give similar results. However,
for 0.1 < p, the differencesbetweenthe exact and the
approximatesolutionsfor S aremorepronounced.
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