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Abstract

CurrentTCPflow controldependsonpacket lossesto find theworkloadthatanetwork cansupport.Packetdrops
notonly reduceTCPperformance,but alsoaddlargetransferdelayto thepackets.Insteadof droppingtheoverflowed
packets,Explicit CongestionNotification(ECN) detectsincipientcongestionandnotifiesthesourcesto reducetheir
windows whenthequeuelengthexceedsa threshold.In thispaper, we derive closed-formformulaefor requirements
on thresholdandbuffer sizeto achieve zeropacket lossandfull link utilization. Simulationresultsthat verify our
analysisarepresented.Theimpactsof averagequeuelengthandRandomEarly Detectionarealsodiscussed.

1 Intr oduction

CurrentTCPflow controldependson packet lossesto find theworkloadthatanetwork cansupport.Thesourcestarts
with a window of onepacket anddoubleswindow in every RTT until a packet is lost. Thenthe sourcereducesthe
window andperformscongestionavoidance[1, 2]. Studies[3, 4, 5, 6, 7] show thebandwidthof theTCPconnectionis
limited by packet lossprobability. Packet lossesnotonly increasethetraffic in thenetwork, but alsoaddlargetransfer
delay.

Explicit CongestionNotification(ECN)proposedin [8, 9] providesalight-weightmechanismfor routersto senddirect
congestionindicationto thesource.It makesuseof two experimentalbits in theIP headerandtwo experimentalbits
in the TCP header. Whenthe queuelengthexceedsa threshold,the incomingpacket is marked. Whenthe marked
packet is received,thereceivermarkstheacknowledgment(calledanECN-Echo) to sendcongestionnotificationback
to the source. Upon receiving the ECN-Echo,the sourcehalvesits congestionwindow to alleviate the congestion.
Thewindow reductionis doneonly oncein a window of packets[8]. In thenext RTT period,thewindow will not be
increasedin responseto acknowledgment[10].

Choosinganappropriatethresholdandbuffer sizeis critical to theperformance.However, RFC2481andotherpapers
did not specifythe thresholdandbuffer requirements.Basedon a simplifiedcongestiondetectionmodel,this paper
analyzesthequeuedynamicsat thecongestedrouter. Closed-formformulaefor thresholdandbuffer requirementsto
achievezeropacket lossandfull link utilizationarederived.

Thecontentof thispaperis organizedasfollows. In section2, wedescribetheassumptionsandgoalsfor ouranalysis.
Dynamicsof queuegrowth for oneconnectionandmultiple connectionsis studiedin section3 and4. In section
5, simulationresultsverify our conclusionsarepresented.Finally, in section6, we discusssomerefinementsand
directionsfor furtherstudy.

2 Assumptionsand Goals

ECN is usedtogetherwith TCP flow control mechanismslike slow startandcongestionavoidance[2]. When the
acknowledgmentis not marked,thesourcefollows existing TCPalgorithmsto senddataandupdatewindow. Upon
thereceiptof anECN-Echo,thesourcehalvesits congestionwindow andreducestheslow startthreshold.Although
ouralgorithmaimsfor zeroloss,in caseof apacket loss,thesourcestill followsTCPalgorithmto reducethewindow
andretransmitthelost packet.
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arereceivedby thesource.All packetsbetweenthesourceandrouterhaveenteredthecongestedrouteror havebeen
sentdownstream.As shown in Figure1, thepipelengthfrom thecongestedrouterto thereceiver, andthenbackto the
sourceis �����
� . Thenumberof downstreampacketsandoutstandingacksare �������
��	 � . Therestof the ����� ���
�!	
unacknowledgedpacketsarestill in thecongestedrouter. Sothequeuelengthis� ���
	"�#��������� � 	���� � � �$���%��� � 	 � ����������� � 	&��� �'� (2)

Q.E.D.

Noticethat in theabove theorem,we did not usethenumberof packetsbetweenthesourceandthecongestedrouter
to estimatethequeuelength,becausethepacketsdownstreamfrom thecongestedrouterandtheackson thereverse
link areequallyspaced,but thepacketsbetweenthesourceandthecongestedrouterarenot.

3.1 Slow Start Phase

UsingTheorem1, we canstudythequeuegrowth from window changes.In slow startphase,thecongestionwindow
doublesin every RTT. Supposethepacket ( that increasesthequeuelengthover the threshold) is sentat time *,+ ,
andit arrivesat thecongestedrouterat time �-+ , its acknowledgment,which is anECN-echo,is receivedat thesource
at time */. . Thewindow is reducedat time *�. . Also supposethelastpacketbeforethewindow reductionis sentat time*�0. andarrivesat thecongestedrouterat time �10. .

We needto considertwo casesseparately:when ) is largeandwhen ) is small. When ) is reasonablylarge(about� � ) suchthatthebuildupof aqueueof size ) needs� time, theassumptionin Theorem1 is satisfied.We have

)�2#�3� � ��� + 	��#�4��� + ���
�!	&��� � �$���
* + 	���� �'5 (3)

so ���6* + 	"�$)72�� � 2#� � (4)

Sincethetime elapsebetween*8+ and */. is anRTT, if ( werenot marked,thecongestionwindow would increaseto9 �4�6*8+�	 . Since ( is marked,thecongestionwindow beforereceiving theECN-Echois

�4�6*�0. 	�� 9 ���
* + 	��:�3� 9 ��)72�� � 	;2�� � (5)

Whenthelastpacketsentunderthis window reachestherouterat time �10. , thequeuelengthis
� ��� 0. 	"�#���6* 0. 	���� � � 9 �4�6* + 	��:�<��� � � 9 )�2�� � 2�� � (6)

Uponthereceiptof ECN-Echo,congestionwindow is halved. Thesourcecannot sendany morepacketsbeforehalf
of thepacketsareacknowledged.So

9 )�2�� � 2�� is themaximumqueuelength.

When ) is small, � � is anoverestimateof thedownstreampacketsandackson thereverselink � timefrom therouter.

���6* + 	"�$)72�� 2 numberof downstreampacketsandacks =:)72�� � 2#� � (7)

Therefore, � ���10. 	"�$�4�6*�0. 	���� � �>� 9 ���6*8+/	&�?��	���� � = 9 ��)72�� � 2��@	&�:�3� 9 )�2�� � 2�� � (8)

So,in bothcases,
9 )�2�� � 2#� is anupperboundof queuelengththatcanbereachedin slow startphase.

Theorem2 In a TCP connectionwith ECN congestioncontrol, if the fixedroundtrip time is � , the bottleneck link
rateis

�
, andthebottleneck routerusesthreshold) for congestiondetection,thenthemaximumqueuelengthcanbe

reachedin slowstart phaseis lessthanor equalto
9 )�2�� � 2#� .

As weanalyzeabove,when ) is large,thebound
9 )A2B� � 2C� is tight. Sincethequeuelengthin congestionavoidance

phaseis smaller, thisboundis actuallythebuffer sizerequirement.
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3.2 CongestionAvoidancePhase

In thecongestionavoidancephase,congestionwindow increasesroughlyby onein everyRTT. Usingthesametiming
variablesasin theprevioussubsection,we have

�4�6* + 	�� � ��� + 	;2�� � ��)�2�� � 2�� � (9)

Thecongestionwindow increasesroughlyby onein anRTT but packet ( is marked,so

���6* 0. 	��#)�2�� � 2#� � (10)

Thelastpacketsentbeforethewindow reductionstill seesa queuelengthof )�2�� :� ��� 0. 	"�$�4�6* 0. 	���� � ��)�2�� � (11)

After thewindow is reduced, ���6*/.@	��D��)72�� � 2#��	E� 9 � (12)

Thefirst packetsentunderthenew window seeaqueuelengthof� ��� . 	��#���
* . 	���� � �>��)�2�� � 2#��	E� 9 ��� � �>��)$��� � 2#��	E� 9 � (13)

Henceforce,thewindow increasesby onein everyRTT andthequeuelengthbeginsto increase.Sowe have

Theorem3 Undertheconditionsof Theorem2, in congestionavoidancephase, themaximumqueuelengthis )?2��
andtheminimumqueuelengthis ��)?�C� � 2��@	F� 9 .
In order to avoid link idling, we shouldhave ��)G�:� � 2>��	E� 9�HJI

, ) H � � �K� . On the otherhand,if LNM
O � is
positive, theroutermayhaveanunnecessarilylargequeueandcauselong queueingdelay. Therefore,thebestchoice
of thresholdshouldsatisfy ��)$��� � 2��@	E� 9 � I 5 (14)

or )��$� � �?� � (15)

Theorem4 In a pathwith only oneconnection,theoptimalthresholdthat achievesfull link utilization while keeping
queueingdelayminimal in congestionavoidancephaseis � � �#� . If the thresholdis smallerthanthis value, thelink
will beunder-utilized. If thethresholdis greaterthanthis value, thelink canbefull utilized,but packetswill suffer an
unnecessarilylargequeueingdelay.

4 QueueDynamicsfor Multiple Connections

Whentherearemultiple connections,we canfollow theargumentin theprevioussectionfor eachconnectionandget
thefollowing estimate.

Theorem5 Supposethere are L connectionssharingthesamebottleneck link, the M -th connectionhasa fixedround
trip time �8P , andits averageshareof thebottleneck bandwidthis

� P , thewindowsizeat time � is �<PF���
	 , thepropagation
timefrom thesourceto thebottleneck link is � P� , alsosupposethebottleneck link hasbeenbusyfor at least Q�R/ST���@P-	
time, thenthequeuelengthat thecongestedrouteris

� ���
	��
UV
PXW&.

Y �<PF���Z��� P� 	&���@P � P\[ � (16)

Thedifficulty to usethis theoremis to find
� P . Misra [13] claimsthata connection’sshareof bandwidthis inversely

proportionalto its RTT, but oursimulationresultsdonotsupportthisclaim. However, theconnectionwith theshortest
RTT hasthe largestshare.If oneconnectionhasan RTT significantlyshorterthanothers,the changesof aggregate
window sizeis dominatedby thatconnection,andthequeuedynamicsis similar to thesingleconnectioncase.Soin
this section,we only studythecasewhereall connectionshavecomparableRTTs.
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4.1 Slow Start Phase

Multiple connectionsareunlikely to startat the sametime. If someconnectionsare in slow startphaseandothers
arein congestionavoidancephase,the queueincreaseis not asfastasall connectionsarein slow startphase.If all
connectionsstartsimultaneously, we canconsiderthemasoneaggregateconnection.Theaggregatewindow doubles
in anRTT. Theargumentfor oneconnectionstill holds,sothebuffer sizerequirementis

9 )�2�� � 2#� .

4.2 CongestionAvoidancePhase

In congestionavoidancephase,thewindow sizeof oneconnectionincreasesroughlyby onein anRTT, sotheaggregate
window for multiple connectionsincreasesby a variablebetween1 and L , dependingon the distributionsof RTTs
andwindow sizes.Similarargumentasin theprevioussectionfindsthemaximumandminimumqueuelengthto be

LB]_^ � ��)�2�` 5 LaM\O � �b��)�2�`c��� � 	E� 9 � (17)

wherè is avariablebetween1 and L . Sowehave

Theorem6 In a path with L sources,the maximumqueuelength in congestionavoidanceis between)d2>� and)�2�L , andtheminimumqueuelengthis between��)72��<��� � 	E� 9 and ��)�2�LJ��� � 	F� 9 .
Consideringall possiblevaluesof ` , thebestchoiceof thresholdthatcanavoid link idling andexcessivedelayshould
satisfy LNM\O � �>��):��� � 2#��	E� 9 � I 5 (18)

or )��$� � �?� � (19)

Theorem7 In a path with L connections,the optimal thresholdthat achievesfull link utilization while keeping
queueingdelayminimalin congestionavoidancephaseis between� � �NL and � � ��� . If thethresholdis smallerthan� � �eL , thenlink will beunder-utilized.If thethresholdis greaterthan � � �f� , thelink will befull utilized,but packets
will suffer an unnecessarilylargequeueingdelay.

5 Simulation Results

In orderto verify our analysis,a setof simulationsareperformedwith the O;* simulator[14]. The basicsimulation
modelis shown in Figure2.

r1 r2 10Mb, 4ms
1.5Mb, 20ms

10Mb, 2ms

sm

s2

s1 d1

d2

dm

Figure2: Simulationmodel.

The fixedroundtrip time is 59.21ms.Changingthe propagationdelaybetween��. and �@g to 40msgivesan RTT of
99.21ms.Changingthepropagationdelaysbetweenthesourcesand �/. cangiveusconfigurationsof connectionswith
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differentRTTs. An FTPapplicationis attachedto eachsource.RenoTCPandECN areusedfor flow control. The
datapacket sizeis 1000bytesandtheacknowledgmentpacket sizeis 40 bytes.Thesimulationsrun for 50 seconds.
Figure3 shows themaximumqueuelengthfor differentnumberof sourcesanddifferentRTT values.Themeasured
maximumqueuelengthsareshown with “*”, “ h ” and“ i ”, thecorrespondinganalyticalestimatesfrom Theorem2, 3
or 6 aredrawn with solid, dashedanddottedlines. When ) is small, thebuffer sizerequirementis anupperbound,
when ) H � � , theestimateis accurate.
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Figure3: Maximumqueuelengthsfor differentnumberof sourcesandRTTs

Figure4 shows thequeuelengthgraphof asmallthreshold( )#�Gj ) anda largethreshold( )��D�8k ) for theconfigura-
tion with � � �b� I � � I . Smallthresholdleadsto low link utilization,while largethresholdresultsin excessivequeueing
delay.

Figure5 shows thelink efficiency calculatedfrom thenumberof packetssuccessfullysentandacknowledgedin 50s.
The vertical lines in the figuresshow the optimal thresholdrangein Theorem4 and7. Theseresultsconfirm the
conclusions.

6 Refinementsand Discussion

In section2,wediscussedthetwo techniquesin congestiondetection— averagequeuelengthandRED.Mathematical
analysisof averagequeuelengthandRED is difficult [13]. In our simulation,we experimentwith averagequeue
lengthwith differentweights.Theresultsindicatethatactualqueuelengthhasbettercontroloverbuffer overflow and
underflow, for all choicesof threshold,actualqueuelengthneedssmallerbuffer thanaveragequeuelength.Whenthe
thresholdis small,averagequeuelengthhasbetterlink utilization; but whenthethresholdis not too small(abouthalf
of � � ), actualqueuelengthhasbetterlink utilization.
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Figure4: Queuelengthfor smallandlargethresholds
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Figure5: Link efficiency for differentchoicesof threshold.

Oneimportantobservationfrom our analysisis theglobalsynchronizationof congestionwindows. WhenRED is not
performed,no matterhow theconnectionsstart,globalsynchronizationwill happen.Our simulationshows thatRED
is veryeffective in desynchronizingthewindowsandthussignificantlyreducestheaverageandvariationof thequeue
length. How to choosethe RED parametersto minimize the buffer requirementandtransferdelaywill be left asa
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topic for furtherstudy.

7 Conclusion

In this paper, we studythe buffer sizeandthresholdrequirementfor zerolossflow control with ECN. The analysis
shows thatthebuffer requirementis

9 )�2�� � 2�� , where) is thethreshold,� is thefixedroundtrip time,and
�

is the
datarateof thebottlenecklink. Theoptimalthresholdfor ECNis � � �A� , this thresholdcanachievefull link utilization
while keepingthequeuedelayminimal.
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