Buffer Requirementsfor Zero LossFlow Control with Explicit CongestionNaotification

ChunleiLiu RajJain
Departmenbf ComputerandinformationScience

Faj Jait iz now at Washington Uidversity in Saint Lowds, jait@cse pnastl e du hitp Swaww ese wustle du'jainf

Abstract

CurrentTCPflow controldepend®n pacletlossego find theworkloadthata network cansupport.Packet drops
notonly reduceT CP performancebut alsoaddlargetransferdelayto thepaclets. Insteadof droppingthe overfloved
paclets,Explicit CongestiorNotification (ECN) detectsncipientcongestiorandnotifiesthe sourcedo reducetheir
windows whenthe queudengthexceedsa threshold.In this paperwe derive closed-formformulaefor requirements
on thresholdand buffer sizeto achiere zeropaclet lossandfull link utilization. Simulationresultsthatverify our
analysisarepresentedTheimpactsof averagequeudengthandRandomEarly Detectionarealsodiscussed.

1 Intr oduction

CurrentTCPflow controldepend®n pacletlossedo find theworkloadthata network cansupport. The sourcestarts
with awindow of onepaclet anddoubleswindow in every RTT until a pacletis lost. Thenthe sourcereduceghe
window andperformscongestioravoidancdl, 2]. Studieq3, 4, 5, 6, 7] shav thebandwidthof the TCP connectioris
limited by paclketlossprobability. Packetlossesotonly increasehetraffic in thenetwork, but alsoaddlargetransfer
delay

Explicit CongestiorNotification(ECN) proposedn [8, 9] providesalight-weightmechanisnfior routersto senddirect

congestiorindicationto the source.lt makesuseof two experimentabits in the IP headermndtwo experimentabits

in the TCP header Whenthe queuelengthexceedsa threshold the incoming paclet is marked. Whenthe marked

pacletis receved,thereceiver markstheacknavledgmen{calledan ECN-Eo) to sendcongestiomotificationback

to the source. Uponreceving the ECN-Echo,the sourcehalvesits congestionvindow to alleviate the congestion.
Thewindow reductionis doneonly oncein awindow of paclets[8]. In thenext RTT period,thewindow will notbe

increasedn response&o acknavledgmen{10].

Choosinganappropriatehresholdandbuffer sizeis critical to the performanceHowever, RFC2481andotherpapers
did not specifythe thresholdand buffer requirementsBasedon a simplified congestiordetectionmodel, this paper
analyzeghe queuedynamicsat the congestedouter Closed-formformulaefor thresholdandbuffer requirementso
achieve zeropacletlossandfull link utilization arederived.

Thecontentof this paperis organizedasfollows. In section2, we describehe assumptionsandgoalsfor ouranalysis.
Dynamicsof queuegrowth for one connectionand multiple connectionss studiedin section3 and4. In section
5, simulationresultsverify our conclusionsare presented.Finally, in section6, we discusssomerefinementsand
directionsfor furtherstudy

2 Assumptionsand Goals

ECN is usedtogetherwith TCP flow control mechanismdike slow startand congestionavoidance[2]. Whenthe
acknavledgments not marked, the sourcefollows existing TCP algorithmsto senddataandupdatewindow. Upon
thereceiptof an ECN-Echo the sourcehalvesits congestionwindow andreduceghe slow startthreshold.Although
our algorithmaimsfor zeroloss,in caseof apacletloss,the sourcestill follows TCP algorithmto reducethewindow
andretransmithelost paclet.
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arerecevedby thesource All pacletsbetweerthe sourceandrouterhave enteredhe congestedouteror have been
sentdownstream As shovn in Figurel, the pipelengthfrom the congestedouterto therecever, andthenbackto the
sourceis r — t,. The numberof downstreampacletsandoutstandingacksare (r — t,)d. Therestof thew(t — t,)

unacknavledgedpacletsarestill in thecongestedouter Sothe queudengthis

Qt) =w(t —t,) —tyd — (r — t,)d = w(t —t,) — rd. )
Q.E.D.
Noticethatin the above theoremwe did not usethe numberof packetsbetweerthe sourceandthe congestedouter

to estimatethe queuelength,becausehe packetsdownstreanfrom the congestedouterandthe ackson the reverse
link areequallyspacedbut the pacletsbetweerthe sourceandthe congestedouterarenot.

3.1 Slow Start Phase

Using Theoreml, we canstudythe queuegrowth from window changesin slow startphasethe congestiorwindow

doublesin every RTT. Supposehe paclet P thatincreaseshe queuelengthover the threshold?” is sentat time sg,

andit arrivesat the congestedouterattime tq, its acknavledgmentwhich is anECN-echojs recevedat the source
attime s;. Thewindow is reducedhttime s;. Also supposéhelastpaclketbeforethewindow reductionis sentattime

s; andarrivesatthe congestedouterattimet; .

We needto considertwo caseseparatelywhenT is largeandwhenT is small. WhenT is reasonablyarge (about
rd) suchthatthe buildup of a queueof sizeT needs- time, theassumptionn Theoreml is satisfied We have

T+1=Q(to) =w(to —tp) — rd =w(so) — rd, (3)

SO
w(so) =T +rd+1. (4)

Sincethetime elapsebetweensy ands; is anRTT, if P werenotmarked,the congestiorwindow would increasgo
2w(sp). SinceP is marked,the congestiorwindow beforereceving the ECN-Echois

w(sy) =2w(so) =1 =2(T +rd) + 1. (5)
Whenthelastpaclet sentunderthis window reachesherouterattime¢; , thequeudengthis

Q(ty) =w(sy) —rd =2w(so) —1—rd = 2T + rd + 1. (6)

Uponthereceiptof ECN-Echo,congestionwindow is halved. The sourcecannot sendary morepacletsbeforehalf

of thepacletsareacknavledged.So 2T + rd + 1 is themaximumqueudength.

WhenT is small,rd is anoverestimatef the downstreanpacketsandackson thereverselink r time from therouter
w(so) = T + 1 + numberof downsteampadketsandacks < T' + rd + 1. @

Therefore,
Q7)) =w(sy)—rd=(2uw(s) —1) —rd <2(T +rd+1)—-1=2T+rd+1. (8)

So,in bothcases2T + rd + 1 is anupperboundof queudengththatcanbereachedn slow startphase.
Theorem2 In a TCP connectionwith ECN congestioncontrol, if the fixedroundtrip timeis r, the bottlenek link

rateis d, andthe bottlene& routerusesthresholdZ” for congestiondetection thenthe maximunqueuelengthcanbe
reachedin slowstart phases lessthanor equalto 27 + rd + 1.

As we analyzeabore,whenT is large,thebound2T + rd + 1 is tight. Sincethequeudengthin congestioravoidance
phases smaller this boundis actuallythe buffer sizerequirement.
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3.2 CongestionAvoidancePhase

In the congestioravoidancephasecongestiorwindow increasesoughlyby onein every RTT. Usingthe sametiming
variablesasin the previoussubsectionwe have

w(se) = Q(to) +rd =T +rd + 1. 9)
The congestiorwindow increasesoughlyby onein anRTT but packet P is marked,so
w(sy)=T+rd+1. (10)
Thelastpaclet sentbeforethewindow reductionstill seesa queudengthof 7" + 1:
Qty)=w(s;y)—rd=T+1. (11)
After thewindow is reduced,
w(sy) =T +rd+1)/2. (12)
Thefirst paclet sentunderthe new window seea queudengthof
Q1) =w(s1)—rd= T +rd+1)/2—rd= (T —rd+1)/2. (13)

Henceforcethewindow increasedy onein every RTT andthe queudengthbeginsto increase Sowe have

Theorem3 Underthe conditionsof Theoemz2, in congestionavoidancephase the maximunqueueengthis 7' + 1
andtheminimumqueudengthis (T' — rd + 1) /2.

In orderto avoid link idling, we shouldhave (T — rd + 1)/2 > 0, T > rd — 1. Onthe otherhand,if min@ is
positive, the routermay have anunnecessariljarge queueandcausdong queueingdelay Therefore the bestchoice
of thresholdshouldsatisfy
(T—rd+1)/2=0, (14)
or
T=rd—1. (15)

Theorem4 In a pathwith only oneconnectionthe optimalthresholdthat achievesfull link utilization while keeping
gueueingdelayminimalin congestionavoidancephaseis rd — 1. If thethresholdis smallerthanthis value thelink
will beundetrutilized. If thethresholdis greaterthanthis valug thelink canbefull utilized,but padetswill suferan
unnecessarilyarge queueingdelay

4 QueueDynamicsfor Multiple Connections

Whenthereare multiple connectionswe canfollow the argumentin the previous sectionfor eachconnectiorandget
thefollowing estimate.

Theorem5 Supposéhere are m connectionsharingthe samebottlenek link, the i-th connectiorhasa fixedround
trip timer;, andits average shae of thebottlene& bandwidthis d;, thewindowsizeat timet is w; (t), thepropagation
time from the source to the bottlene& link is t;’,, also supposehe bottlene& link hasbeenbusyfor at leastmax(r;)
time thenthe queudengthat thecongestedrouteris

m

Q) = Z (wi(t —t)) — ridy) . (16)

=1

Thedifficulty to usethis theoremis to find d;. Misra[13] claimsthata connections shareof bandwidthis inversely
proportionalto its RTT, but our simulationresultsdo not supporthis claim. However, the connectiorwith the shortest
RTT hasthe largestshare.If oneconnectionhasan RTT significantlyshorterthanothers,the changeof aggreyate
window sizeis dominatecby thatconnectionandthe queuedynamicsis similar to the singleconnectiorncase.Soin
this sectionwe only studythe casewhereall connectiondiave comparableRTTs.
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4.1 Slow Start Phase

Multiple connectionsare unlikely to startat the sametime. If someconnectionsarein slow startphaseandothers
arein congestioravoidancephasethe queueincreases not asfastasall connectionsarein slow startphase.If all
connectionstartsimultaneouslywe canconsidetthemasoneaggreateconnection.The aggrgatewindow doubles
in anRTT. Theargumentfor oneconnectiorstill holds,sothe buffer sizerequirements 27" + rd + 1.

4.2 CongestionAvoidancePhase

In congestioravoidancephasethewindow sizeof oneconnectiorincreasesoughlyby onein anRTT, sotheaggreyate
window for multiple connectionsncreasedy a variablebetweenl andm, dependingon the distributionsof RTTs
andwindow sizes.Similar argumentasin the previous sectionfindsthe maximumandminimum queudengthto be

mazx@ =T + X, min@Q = (T + X —rd)/2. a7
whereX is avariablebetweenl andm. Sowe have

Theorem6 In a path with m souices,the maximumqueuelengthin congestionavoidanceis betweenl” + 1 and
T + m, andtheminimumqueuedengthis betweer(T' + 1 — rd) /2 and (T + m — rd) /2.

Consideringall possiblevaluesof X, thebestchoiceof thresholdhatcanavoid link idling andexcessve delayshould
satisfy
min@ = (T —rd+1)/2=0, (18)

or
T=rd-1. (19)

Theorem7 In a path with m connectionsthe optimal thresholdthat achievesfull link utilization while keeping
gueueingdelayminimalin congestionavoidancephaseds betweernrd — m andrd — 1. If thethresholdis smallerthan
rd —m, thenlink will beunderutilized. If thethresholdis greaterthanrd — 1, thelink will befull utilized,but padets
will sufer anunnecessarilyarge queueingdelay

5 Simulation Results

In orderto verify our analysis,a setof simulationsare performedwith the ns simulator[14]. The basicsimulation
modelis shovn in Figure?2.

1.5Mb, 20ms

. 10Mb, 2ms @ 10Mb, 4ms

Figure2: Simulationmodel.

The fixed roundtrip time is 59.21ms.Changingthe propagatiordelaybetweenr; andr; to 40msgivesanRTT of
99.21ms. Changingthepropagatiordelaysbetweerthesourcesandr; cangive usconfigurationsf connectionsvith
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differentRTTs. An FTP applicationis attachedo eachsource.RenoTCP andECN areusedfor flow control. The
datapaclet sizeis 1000bytesandthe acknavledgmentpaclet sizeis 40 bytes. The simulationsrun for 50 seconds.
Figure 3 shawvs the maximumqueuelengthfor differentnumberof sourcesaanddifferentRTT values.The measured
maximumqueudengthsareshovn with “*”, “x” and“o”, the correspondingnalyticalestimatesrom Theorem?2, 3
or 6 aredrawvn with solid, dashedanddottedlines. WhenT is small, the buffer sizerequiremenis an upperbound,
whenT > rd, theestimatds accurate.
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Figure3: Maximumqueudengthsfor differentnumberof sourcesandRTTs

Figure4 shavs the queudengthgraphof asmallthresholdT" = 7) andalargethreshold(T" = 14) for the configura-
tion with rd = 10.10. Smallthresholdeadsto low link utilization, while largethresholdresultsin excessve queueing
delay

Figure5 shavsthelink efficiengy calculatedrom the numberof packetssuccessfullysentandacknavledgedin 50s.
The vertical lines in the figuresshav the optimal thresholdrangein Theorem4 and 7. Theseresultsconfirm the
conclusions.

6 Refinementsand Discussion

In section?, we discussedhetwo technique$n congestiordetection— averagegqueudengthandRED. Mathematical
analysisof averagequeuelengthand RED is difficult [13]. In our simulation,we experimentwith averagequeue
lengthwith differentweights. Theresultsindicatethatactualqueudengthhasbettercontrol over buffer overflow and
underflaw, for all choicesof threshold actualqueudengthneedsmallerbuffer thanaveragequeudength.Whenthe
thresholds small,averagequeudengthhasbetterlink utilization; but whenthethresholds nottoo small (abouthalf
of rd), actualqueudengthhasbetterlink utilization.
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T=7: under-utilization

T=14: over—queueing
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Figure5: Link efficiengy for differentchoicesof threshold.

Oneimportantobsenationfrom our analysiss the global synchronizatiorof congestiorwindows. WhenRED is not
performedno matterhow the connectionstart,global synchronizatiorwill happen.Our simulationshavs thatRED
is very effective in desynchronizinghewindows andthussignificantlyreduceshe averageandvariationof the queue
length. How to choosethe RED parameterso minimize the buffer requirementandtransferdelaywill beleft asa
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topicfor furtherstudy

7 Conclusion

In this paper we studythe buffer sizeandthresholdrequiremenfor zerolossflow controlwith ECN. The analysis
shavsthatthe buffer requirements 27" + rd + 1, whereT is thethresholdy is thefixedroundtrip time,andd is the
datarateof thebottlenecKink. Theoptimalthresholdor ECNis rd — 1, thisthresholdcanachiese full link utilization
while keepingthe queuedelayminimal.
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