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OnDesigningImprovedControllersfor AQM
RoutersSupportingTCPFlows

C.V. Hollot, VishalMisra, Don Towsley andWei-BoGong

Abstract— In this paper we study a previously developed linearized
model of TCP and AQM. We useclassicalcontrol systemtechniquesto de-
velop controllers well suited for the application. The controllers are shown
to have better theoretical properties than the well known RED controller.
We presentguidelines for designingstable controllers subject to network
parameters lik e load level, propogation delay etc. We also presentsimple
implementation techniqueswhich require a minimal changeto RED imple-
mentations. The performanceof the controllers are verified and compared
with RED using ns simulations. The secondof our designs,the Propor-
tional Integral (PI) controller is shown to outperform RED significantly.

I . INTRODUCTION

Active QueueManagement(AQM) is a very active research
areain networking. Specifically, the RED [1] variantof AQM
hasgenerateda lot of researchandinterestin the community.
Understandingthe behavior of RED has largely remaineda
“simulateandobserve” exercise,andtuningof RED hasproven
to bea difficult job. Numerousvariantsof RED have beenpro-
posed[2], [3], [4], [5] to work aroundsomeof theperformance
problemsobvservedwith RED. In [6], we performeda control
theoreticanalysisof a linearizedmodelof TCP andRED. The
analysisenabledusto presentdesignguidelinesfor RED,which
we verifiedvia simulationsusingns-2 [7]. Our investigations
revealedtwo limitationsof RED.Thefirst limitation dealswith
the tradeoff betweenspeedof responseandstability. A design
thatis fastin its responsetime,wasfoundto haverelatively low
stability margins,while a designthat is stableexhibits sluggish
responses.Theotherlimitationof REDis thedirectcouplingbe-
tweenqueuelengthandlossprobability. Thesteadystatequeue
length in RED is dependenton the load level. Hence,for an
overloadedsystem,theflowspayadoublepenaltyof higherde-
lay aswell ashigherloss.Thetwo canbeeasilydecoupled.

In this paperwe applyclassicalcontrolsystemtechniquesto
designcontrollersthatarebettersuitedfor AQM thanRED.We
comeup with two simpledesigns,namelytheProportionaland
theProportional-Integral (PI) controller. We presentguidelines
to designthesestablelinear controllers. We verify our guide-
linesthroughnon-linearsimulationsusingns. We alsopresent
guidelinesfor a simpleimplementationof thePI filter in aRED
capablerouteror simulator. ThePI controlleris shown via sim-
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ulationsto bearobustcontrollerthatoutperformstheREDcon-
troller underalmostall scenariosconsidered.

Theproblemof designingcontrollersfor AQM hasalsobeen
approachedfrom anoptimizationstandpointin a framework de-
finedby Kelly et al. [8]. Theproblemis formulatedasaconvex
program,with theaggregatesourceutility beingmaximizedsub-
ject to capacityconstraint.In theprimalversionof theproblem,
controllersaredesignedtaking a penaltyfunction approachto
obtainoptimalsourcerates[9], [10]; whereasin adualformula-
tion [11] controllersaredesignedto obtainoptimal congestion
measures(the dual variables). A virtual buffer techniqueto-
wardsthedesignof controllersis takenin theprimal approach,
with thebasicideabeingto markpacketswhena virtual buffer
(smallerin capacityandserviceratethantheactualbuffer) over-
flows. GibbensandKelly proposea staticvirtual buffer config-
uration [9], whereasKunniyur and Srikant [10] usean adap-
tive virtual buffer, adaptingthe sizeandcapacityof the virtual
buffer asafunctionof theincomingrateto bothminimizedelay
andmaximizeutilization. AthuraliyaandLow [11] designcon-
trollersfrom thedualitystandpoint,andwenotethatoneversion
of their REM controller is very similar in flavor to the PI con-
troller we have proposed.The optimizationbasedapproaches
largely leadto steadystateequilibria,anddon’t concentratetoo
muchon the transientperformanceof the controllers. Our ap-
proach,on theotherhand,utilizescontroltheoryandwecansi-
multaneouslyanalyzeanddesignfor somedesiredsteadystate
aswell astransientperformance.

The restof the paperis organizedasfollows. In SectionII,
we presentthelinearizedcontrolsystemdevelopedin [6]. Sec-
tion III developstheProportionalcontroller, andpresentsdesign
guidelines.In SectionIV we verify our designguidelineswith
simulationsandpoint out a deficiency of the Proportionalcon-
troller. In the next Sectionwe develop the PI controller. Sec-
tion VI presentssimulationsusing the PI controller and also
comparesits performancewith theRED controller. Finally we
presentourconclusionsin SectionVII.

I I . BACKGROUND

In [6], we linearized a non-linear dynamic model for
TCP/AQM developedin [12]. The non-linearmodel is shown
in Figure1, while the linearizedmodelis depictedin Figure2,
see[6] for linearizationdetails.

In the model ������� is the compensatoror controller, and	 ������
������� is the “plant” or TCP/AQM systemwe are trying
to control. ��� is theroundtrip time,whichcausesadelayin the
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Fig. 1. Block-diagramof aTCPconnection.

feedbackof losses.
	 ����� is givenby

	! #"�$ ����� 	&%�'�(�'�( ����� where	) #"�$ �����+* ����,)-.0/ -�21 .3/� -� , 4	 %5'6(�'6( �����+* /����2187��� 9 (1)

with ��� 9* round-triptimeat theoperatingpoint� 9* link capacity(packets/sec): 9* loadfactor(numberof TCPsessions)

We referto thetwo poles ;=< :?> ��� .� �@� and ;@A > �=� asB  #"�$ andB %5'�(�'�( respectively.
The compensatorwhich was studied in [6] was the well

known RED [1] controller. RED consistsof a low-passfil-
ter (LPF) andnonlineargain mapasshown in Figure 3. The
form of the LPF wasderived in [12]. The pole C is equaltoDFEG ( ��AH;JI&� >LK , where I is the averagingweight and

K
is the

samplingfrequency. Normally RED updatesit’s moving aver-
ageon everypacket arrival, andhence

K
is A > � , where � is the

queuecapacityin packets/sec.At high loadlevelsthissampling
frequency exceeds� , whereasat low load levels it falls below� . On an averagehowever, underthe assumptionof a stable
congestedqueue,thesamplingfrequency is � . TheRED con-
troller is depictedin Figure 3. A transfer-function model for
RED is: ���M���N*O�QP (�R �����N* S P (�R� > CT1UA)V (2)

)( sResP
W −

δ
X
qY

C(s)

δ
X
pZ

-
0

Fig. 2. Block diagramof a linearizedAQM controlsystem

where

S P (�R * B\[^]`_acbed  gf ; aihkj  gf 4 Cl*Tm�n6o ( ��Ap;qI&�K V
Theoutputof theREDcontrolleris a lossprobabilityasa func-
tion of theaveragequeuelength,asdepictedin theRED profile
in Figure3. Thislossprobabilityis utilizedin droppingor mark-
ing packets.
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Fig. 3. RED asacascadeof low-passfilter andnonlineargainelement.

Basedononthelinearizedmodel,wegavedesignrulesin [6]
for obtaininga stablelinear feedbackcontrol systemwith the
RED controller.

I I I . THE PROPORTIONAL CONTROLLER

A limitation of theRED design(inherentin thenatureof the
RED controller)is that theresponsetime of thecontrolsystem
is quite long. Specifically, the responsetime of the systemis
limited to A >6�!� sec,where� � *O� 9 A����F�^��B  #"�$ V B %�'�(�'�(�� 9 (3)

The multiplication factorof � 9 A is the tradeoff betweenstabil-
ity marginsandspeedof response.Largervaluesthan � 9 A yields
moreresponsivedesigns,howeverthey havelowerstabilitymar-
gins. Intuitively speaking,the lag introducedby the low pass
filter is a causeof thesluggishnessof theresponse.Oneway to
improve the responsetime of the systemis to remove the low
passfilter, andintroducewhatis known astheclassicalpropor-
tional controller. In proportionalcontrol, the feedbacksignalis
simply theregulatedoutput(queuelength)multiplied by a gain
factor. In theRED context, it correspondsto obtainingthe loss
probability from the instantaneousqueuelength insteadof the
averagedqueuelength.While we appreciatethatoneof thede-
sign goalsof the low passfilter wasto let transientburstspass
through,from a controlstandpointtheaveragingcanleadto in-
stability andlow frequency oscillationsin theregulatedoutput.
In fact,theaveragingmechanismis built into thequeuedynam-
ics, andthe queueessentiallyactslike a low passfilter. Thus,
while notrecommendingthattheproportionalcontrollerreplace
the LPF mechanismin RED, we give designrulesto designa
stabilizingproportionalcontroller1 in thefollowing Proposition:

Proposition1: Let C�*�� and

S P (�R * ������
�)�����$��F�F� 1UA6� �����e�$����`�g�`� 1UA6�� �� ¡,)¢#£� .3/¥¤ ¢ -

������ (4)¦
Suchasystemwasstudiedin [13] andshown to performbetterthanRED.
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where
�&�

is the geometric mean of B  #"�$ and B %5'6(�'6( ; i.e.,�&� *¨§ B  #"�$ B %�'�(�'�( *ª© < : ��¬«®�� (5)

Then, the linear feedback control system in Figure 1 using�������¯*°�QP (�R �M�6� in ��<±� is stable for all
: ²³: � and all���µ´¶� « . Moreover, the phase margins are guaranteed to be

greater than ·±·±¸ .
Proof: Since

�&�
is chosenasthegeometricmeanof B  #"�$ andB %5'�(�'�( , then ¹ 	 �»º � � � ² ;¥¼� ¸

for all
:½²¯: � andall ���@´¾� « . Consequently,¹ S �¿º �&� �À* ¹ 	 �»º �!� �)1 ¹ 
 � ����� �   ² ;¥¼� ¸ ; A6Á�Â ¸�Ã A�ÄÆÅ ¸

for all
:½²¯: � andall ���Ç´¯� « . Thus,thephasemarginsare

guaranteedto begreaterthan A�Á±�È;ÉA�Ä�ÅÈ*J·±· degrees. Ê
Example 1: We considerthesetupstudiedin Example1 in

[6], where �Ë*T·eÅÌÍ� packets/sec,2
: ��*TÎ� , Ï � *ÐA�ÅÍÌ and� « *O� 9 <LÄeÎ sec.From(5),� � *ÒÑ ��� 9 Ì<Ì¼±���#Ä 9 �±ÌÍÄ¡A�� Ã A 9 Ì rad/sec

andfrom (4)

S P (�R * ������ � � 73Ó Ô� Ó Ô  1JA6�`� � 73Ó ÔÕ Ó 7 1JA6�� � Ó . Õ3Ö5× ¢ £ �  × Ô � ¢� 7 . � ¢ -
������ *�Ì 9 ÁÎe<LÄØ��A��e� � Ô 9

Thus, �2P (�R �����N*�Ì 9 ÁÎe<LÄØ��A��e� � Ô 9
In Figure4 we give theBodeplot for S �¿º � � for

: * : � and���È*U� « .

IV. EXPERIMENTS WITH THE PROPORTIONAL CONTROLLER

We verify ourpropositionvia simulationsusingthens simu-
lator. In all thegraphsshown subsequentlyin thepaper, we de-
pict the time evolution of the instantaneousqueuelength,with
thetime axisdrawn in seconds.

In thefirstexperiment,welook ataqueuewith 60ftp (greedy)
flows,and180httpsessions.Thelink bandwidthis15Mb/s,and
the propagationdelaysfor the flows rangeuniformly between
160and240ms,with averagepacketsizebeing500Bytes.The
buffer sizeis 800packets. We alsoprovide sometime-varying
dynamicsto comparethespeedof responseof theLPF vs. the
proportionalcontroller. At time Ù®*ÚA��� , 20of thegreedyflows
dropout,andat time Ù®*ÚA�Ä±� they startbackagain.For thepro-
portionalcontroller, wesettheaveragingweightto be1, thereby
removing the low passfilter. We setthe slopeof the losspro-
file to be thegaincalculatedin theexampleabove, varying the
losslinearly from 0 atqueuelength100with theslopespecified
by gain. Notethat thebuffer sizeof 800putsanupperlimit onÛ

correspondsto a15Mb/s link with averagepacket size500Bytes.
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themarkingprobability, which is �gÁ±��Ç;OA���e�ðï S P (�R , which is
approximately0.04.We’ll returnto this limitation in a latersec-
tion. For thetraditionalREDcontrollerwith anLPF, weusethe
parametersderived for stableoperationsin Example2 of [6],
with B [^]`_ being0.1, aµhMj  gf and aµb�d  gf 150 and700 respec-
tively, andtheaveragingweight A 9 ·±·¡��A��±��� Ö . Thequeuelength
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Fig. 5. Comparisonof RED andtheproportionalcontroller

plots areshown in Figure5. As is evident from the plots, the
proportionalcontrollershows a muchbetterresponse.It’s set-
tling time is muchlower thanRED, andit alsorespondsmuch
morequickly to variationsin load. RED on the otherhandis
quitesluggishin respondingto changesin theloadlevel.

A. Experiment 2

We now pushthe limits of both our designs.Recall that in-
creasingroundtrip times led to instability in the designs.We
repeatboththeexperimentsby doublingtheroundtrip timesfor



TO APPEARIN IEEE INFOCOM2001 4

the flows. The comparisonis plottedin Figure6. While there
is no noticeablechangein the performanceof the proportional
controller, RED exhibitsa markedly largerovershoot.
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Fig. 6. Comparisonof REDandtheproportionalController

B. Limitation of the Proportional controller

While the Proportionalcontroller exhibits a much more re-
sponsive behavior thanRED, it suffersfrom a limitation which
makesit impracticalto implementundercertainsituations.For
stableoperationof thecontroller, it requiresa relatively shallow
slopein thelossprofile. Buffer sizelimitationsresultin placing
a capon B\[^]`_ undertheProportionalcontrollerscenario.If the
network conditionsaresuchthat it resultsin anoperatingpoint
of B betweenthis B [^]`_ and1, thenthat would leadto oscilla-
tionsof thekind studiedin [14]. If we increasetheslope,then
that leadsto instability. As an examplewe repeatthe previous
experimentbut changeB [Q]�_ to 1 from 0.04for theProportional
controller. Figure7 plots the result, andwe seelarge oscilla-
tions.

Increasingthebuffer sizeto work aroundthis problemis also
not anoption,asthatcouldleadto unacceptablylargequeueing
delays. This problemarisesbecauseof this couplingbetween
the (average)queuesizeandthe markingprobability. The two
canbe decoupledif we integral control [15] in the AQM con-
troller ������� . Both the ProportionalcontrollerandRED have a
steady state error, which is dependenton network parameters.
While “error” maynot beimportantor evidentfrom a network-
ing perspective, sometimesthe error might be larger than the
buffer size,whichagainleadsto oscillatorybehavior. If thereg-
ulatedoutputis not a constantindependentof operatingcondi-
tions (for exampleload level or roundtrip time), thenthe con-
troller is said to have steadystateregulation errors,with that
error definedasthe differencebetweenthe steadystateoutput
valueand the constant,desiredreferencevalue. Integral con-
trollershave thepropertythat this steadystateerror is 0. Thus,
we can designan integral controller for AQM, which will at-
tempt to clamp the queuesize to somereferencevalue Ï P (�ñ ,
regardlessof the load level. Thesimplestof suchintegral con-
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Fig. 7. ProportionalControllerwith high gain

trollersis thePI (ProportionalIntegrator)controller. ThePI con-
troller is appropriatein theAQM context, asit is possibleto de-
signcontrollershaving a muchhigherloop bandwidththanthe
LPF RED controllerswith equivalentstability margins. Higher
loopbandwidthresultsin a fasterresponsetime.

V. THE PI CONTROLLER

A PI controllerhasa transferfunctionof theform�������N*OCóò�ô ��� >Lõ 1UA��� 9
A desiredconsequenceof theintegral termin ������� is that

K Ï in
Figure2 will asymptoticallyconvergeto zeroif ������� stabilizes	 ����� . In Figure 8 we show implementationof the PI control
law with the nonlinearTCP dynamicemphasizingthe role of
thequeue’soperatingpoint Ï � .
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Fig. 8. Implementationof the PI controlleremphasizingthe role of operating
point ��� .
A PI designinvolveschoosingthe locationof thezero

õ
and

the value of the PI gain C ò�ô . We now give a propositionto
givedesignrulesfor aPI controllerfor thelinearcontrolsystem
shown in Figure2.
Proposition2: Assume < : ��g�¬«À� . � � A�È« 9
With �!� * < : ��g�¬«À� . � (6)
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let C ò�ô * �!� ������ �
���e�$ ���`�g�`� 1UA��� �� î,!¢#£� .0/=¤ ¢ -

������ 9 (7)

Then, the PI compensator

�Qò)ô±�M���N*UCóò)ô � �� � 1UA���
stabilizes the feedback control system in Figure 1 for all

:°²: � and all ���Ç´É� « . Furthermore:	�� Ã ¼� ¸ ; A6Á�Â � .� 9
Example 2: Considerthe setupas in Example1. From (6),�!� *U� 9 Ì· rad/sec.From(7)

C ò�ô *U� 9 ÌÍ· ������ � � � Ó Ô Õ Ó 7 1UA���#� � Ó . Õ3Ö0× ¢ �  × Ô � ¢#¢#£� 7 . � ¢ -
������ *J¼ 9 ÎÍÄe<Î¡��A��±� � Ö 9

Thus, �^ò�ô±�����N*O¼ 9 ÎÍÄ�<ÍÎ\��A��e� � Ö � �� Ó Ô  1JA6�� 9
In Figure9 we give theBodeplot for S �¿º � � for

: * : � and���È*U� « . Comparedwith thedesignfor REDin [6] weobserve
thatPI compensationhasincreasedthebandwidthfrom � 9 �±Ì to� 9 Ì rad/sec.This higherloopbandwidthresultsin a muchmore
responsivecontroller.
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A. Digital Implementation of the PI controller

Implementingthe PI controller in RED capableroutersre-
quiresa simple modificationto the averagingalgorithm. We
requireto keepthestatesof two additionalvariables,but on the
otherhandpotentiallythenumberof computationsrequiredfor

theimplementationarereducedby ordersof magnitudeovertra-
ditionalRED implementations.

Thetransferfunctionof thePI controlleris describedin the �
domain(Laplacetransform). For a digital implementation,we
needto convert the descriptioninto a

õ
-transform,andchoose

a samplingfrequency. It is advisableto operatethedigital con-
troller at 10-20timesthe loop bandwidth.Oncewe decidethe
samplingfrequency � � , thenwe useany of the standardtech-
niques,for instancethebilinear(Tustin’s approximation)trans-
form [16], to obtainthe

õ
-domaintransferfunction. A PI trans-

fer functionof theform Cóò�ô � �� � « 7 ¢� yieldsa
õ
-domaintransfer

functionof theform �^ò�ô±� õ �À* b õ ;��õ ;ÉA
This is thetransferfunctionbetween

K B and
K Ï , where

K Ï?*ÏÈ; Ï P (�ñ , with Ï P (�ñ beingthedesiredqueuelengthto which we
want to regulate. We can assumeB P (�ñ to be 0, which makesK Bi* B . Now B!� õ �K ÏÆ� õ � * b õ ;��õ ;ÉA

This canbe convertedinto a differenceequationof the vari-
ablesyielding,at time Ùð*! #" , where"J*�A > � � ,B&�� #"��®* b K ÏÆ�� #"��&;$� K ÏÆ�5�� H;¾A6�%"È��1 B!�5�� H;¾A6��"�� (8)

In pseudocode, it is implementedby the following snippet
calledat everysamplinginstant

p := a*(q - q ref) - b*(q old - q ref) + p old
p old := p
q old := q

While this computationinvolveskeepingtwo additionalstate
variables,thecomputationrequirementis not morethanthatof
RED,sincewegetthelossprobability B directlyanddon’t need
to obtainit via the lossprofile usingthe averagequeuelength.
However, abig win comesfrom thesamplingfrequency. For

�!�
of � 9 Ì rad/seccalculatedin the Example2, we needto sample
the queuelengthat approximatelyA�� to <� times

� ��� ¢.�& , which
is about3-6 Hz. In theRED implementation,with ·eÅÍÌ� packet
arrivalsevery secondon anaverage,thecomputationhasto be
carriedoutat3750Hz. Thusweareableto speedupthecompu-
tationsbyaround3 ordersof magnitude.Wecanbeconservative
andoversampleit by afactorof 10,howeverwestill endupwith
a significantsavings in thecomputationaleffort. We no longer
needto run thecomputationsat line speed,it’smoredictatedby
thefastestroundtrip timeof theflowspassingthrough.3

Thedifferenceequationalsoprovidesanintuitiveunderstand-
ing of theworking of thePI controller. If we rewrite (8) as

B&�� #"È�°* � b ;���� K ÏÆ�� �"���1�����`� K ÏÆ�' #"��&; K ÏÆ���' H;ÉA��%"��5��1B!�5�� ;¾A6�%"È�(
Notethatsimilar logic alsoappliesto RED,samplingatevery packet arrival

is anoverkill andprovidesnoperceptiblebenefit.
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thenthesystemconvergesonly whenboth
K ÏÆ�� #"È� and

K ÏÆ�' #"���;K ÏÆ���' �;¯A6��"�� go to zero.This impliesthat thequeuelengthhas
convergedto the referencevalue,andalsothederivative of the
queuelength(

K ÏÆ�' #"��6; K ÏÆ���' �;HA6��"�� is anapproximationfor the
derivative) hasconvergedto zero. Thederivative converging to
zeroimpliesthattheinputrateof theflowsto therouterhasbeen
exactly matchedto the link capacityandthereis no growth or
drainin therouterqueuelevel. If theinput rateis lower thanthe
link capacity, thenthequeuestartsto drain,makingthederiva-
tive negative andthe markingprobability getscorrespondingly
reduced. This also identifies the equivalencebetweenthe PI
controllerand the “match rate,clearbuffer” schemeproposed
in [11].

VI . EXPERIMENTS WITH THE PI CONTROLLER

To validatethe performanceof the PI controller, we imple-
mentedit in ns with a samplingfrequency of 160Hz. Thusthe
PI coefficients b and � thatwereimplementedwere A 9 Áe<<¡��A��e�3� Ô
and A 9 ÁîA6Î¡��A6�±��� Ô respectively4. Ï P (�ñ for the PI controllerwas
chosento be200packets.

A. Experiment 3

In ourfirst Experimentwith thePI control,wereusedthesce-
nario in Experiment1, with the time varyingdynamicsandthe
mixtureof ftp andhttp flows. ThestableRED controllerin Ex-
periment1 wasalsoused. The queuelengthplots for the two
controllersaredepictedin Figure10. The fasterresponsetime
aswell astheregulationof theoutputto a constantvalueby the
PI control is clearly observed. The PI controller is largely in-
sensitive to theloadlevel variationsandattemptsto regulatethe
queuelengthto thesamevalueof 200.
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Fig. 10. Experiment3

B. Experiment 4

In thisexperiment,we justuseamixtureof ftp andhttpflows
and remove any time varying dynamics. The performanceof)

We retainedonly four significantdigits asthecontrollerdoesn’t seemto be
too sensitive to roundingerrors

thePI controlleris plottedalongwith theREDcontrollerin Fig-
ure 11. Again, the fasterresponsetime for the PI controller is
observed.
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C. Experiment 5

Now we increasethe numberof ftp flows to 180 and http
flowsto 360.By ouranalysis,theperformanceof thecontrollers
shouldslow down for higher load levels (gain

:
). The queue

lengthsare plotted in Figure 12 and we observe significantly
betterperformancefrom thePI controller. TheRED controller
takes a long time to settledown, with the equilibrium queue
lengthquitelargecomparedto thelastexperiment.ThePI con-
troller on the otherhandis still controlling the queuelengthat
around200packets.Thus,thePI controllerappearsto bemuch
morerobustin thefaceof higherloads.
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D. Experiment 6

In this experimentwe testthe controllersat the otherendof
the stability spectrumby reducingthe ftp flows to 16. As ob-
served in Figure 13, the RED controller exhibits oscillations
while thePI controlleroperatesin a relatively stablemode.
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Fig. 13. Experiment6

E. Experiment 7

We stretchthecontrollersto thelimit in this experiment.We
increasethenumberof ftp flows to 400.As anothercomparison
point, we implementthe stableProportionalcontrollerderived
earlierin thepaper. Thethreeplotsareshown in Figure14. As
we canobserve, the PI controller continuesto exhibit accept-
ableperformance,althoughit hasbecomea little slower in it’s
responsetime. Thetwo othercontrollers,ontheotherhand,“hit
theroof”. This is aresultof thefactthatatsuchhighloadlevels,
thelossprobabilityhasbecomesohighthatthesteadystatereg-
ulation error of thosetwo controllershaspushedthe operating
queuelengthbeyondthebuffer size.Thisexperimentillustrates
the importanceof integral control in anAQM systemwith a fi-
nitebuffer.

F. Experiment 8

Finally, we repeatthetime varyingdynamicsscenarioof Ex-
periments1 and 3. We reducethe propagationdelay for the
flows to 40ms. Analysis indicatesthat underthis scenariothe
responseof the controllersshouldbecomesluggish.Figure15
confirmsthat. While both the controllershave becomeslower,
thesteadystateerrorof theREDcontrollerhasincreaseddueto
theshorterroundtrip time andtheoperatingpoint queuelength
is higherthanthatfor Experiments1 and3.

G. The delay-utilization tradeoff

An important considerationin designingAQM systemsis
the tradeoff betweenqueuingdelayandutilization. Intuitively,
largerbuffersleadto higherutilizationsof thelink, but they also
resultin largerqueuingdelays.With thePI controller, thedelay
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Fig. 15. Experiment8

is essentiallytunablewith a singleparameterÏ`� ; seeFigure8.
Largervaluesof Ï�� givelargerdelayandutilization. In contrast,
with RED, the delay is a function network conditionssuchas
loadlevelandpacket-markingprofileparametersaihkj  gf , acb�d  gf
and B [^]`_ . We performedexperimentsto studythis tradeoff as
illustratedin Figures16and17. In Figure16,weplot the Ï`� vs.
utilization curve for two scenarios,onewith purely long-lived
flows(ftp), andanotherwhenthetraffic flow consistedof amix-
ture of http (short lived) and ftp flows. As we observe, smallÏ`� yields nearly full utilization in the caseof pure ftp flows,
whereasa larger Ï � is neededto reachthissamelevel of utiliza-
tion whenboth ftp andhttp areconsidered.Thecorresponding
queuingdelaysareshown in Figure17 indicatinga nearlylin-
ear relationshipwith Ï�� . Finally, delay-utilizationcurves are
shown in Figure18. We repeatedtheseexperimentswith RED
attemptingto controldelaythroughparameteraµhMj  gf . We kept
therangeacb�d  gf ; aihkj  gf constantthroughout.We ranthefirst
experimentusinga dynamicrangeof 550 (this correspondsto
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our stableRED designin [6]) andthenrepeatedwith a rangeof
55. Wecomparetheperformancewith thePI designin Figure19
and20 wherebothlong andshort-livedflows wereused.In the
first of thesefigures,RED yieldshigh utilization at theexpense
of largedelays.Whenwe reducedthequeuingdelayby lower-
ing RED’s dynamicrange,utilization suffered. The PI design
wascapableof operatingat bothlow delayandhigh utilization.

VI I . DISCUSSION AND CONCLUSIONS

A. The importance of ECN

It is critical for thesuccessof any AQM schemethatattempts
to control the routerqueuethat it be usedin conjunctionwith
ECN [17]. For instance,the PI controller can regulatequeue
lengthto a low level. This resultsin a lower delaythana cor-
respondingdrop-tail system.However, whendroppinginstead
of markingpackets,this maynot resultin moreefficientperfor-
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mance,especiallyin thecaseof shortlivedflows. Sincethelink
capacityremainsconstant,the marking/dropprobability must
increase.Specifically, consider

:
flows passingthrougha con-

gestedlink of capacity� , where� is theaverageroundtrip de-
lay encounteredunderadrop-tailconfigurationand �È] % [ is the
roundtrip delayunderanAQM configuration.Thelowerqueue-
ing delayunderthe AQM configurationresultsin �+* � ] % [ ,
andusingtheclassical§ B ([18], [19]) formula for throughput,
we have

�¨* , <B : � * © <B ] % [ :� ] % [
- BØ] % [�*/. �� ] % [10 . B 9

It follows that any reductionin the round trip delay because
of more efficient queuemanagementresultsin a correspond-
ing quadraticincreasein lossprobability. This resultsin higher
retransmissions,and also significantly increasesthe probabil-
ity of flows going into timeouts. Both of thesefactorsresult
in a much higher transmissioncompletiontime. Indeed,this
mightbeoneof thereasonswhy [20] discoveredthatRED with
droppingin fact hasa negative effect on the transmissionla-
tenciesof short-lived (web) flows. If, however, ECN is used
to mark packets insteadof droppingthem, thenwe obtain the
full benefitsof AQM. The systemoperatesin almost lossless
regimes,therebydiminishingretransmissionsaswell asreduc-
ing unnecessarytimeouts.AQM coupledwith droppingcanal-
most be counter-productive, as our simple calculationsabove
demonstrated,andcareshouldbe taken in implementingit in
theabsenceof ECN.

B. Conclusions

In this paperwe have designedtwo alternative AQM con-
trollers to RED; proportionalandPI controllers.Theformer is
very simpleto implement(simplerthanRED), while the latter
providesimprovednetwork performance(with complexity sim-
ilar to RED).Both controllersresultedin AQMs thatresponded
fasterthantheREDcontrollerwhile PI wassuperiorin robustly
regulating the steady-statevalue of the queuelevel. We pre-
sentedguidelinesfor their designwhich usedthemodelof TCP
andAQM dynamicsdevelopedin [6].

As in any feedbackcontrolsystemdesign,our approachwas
driven by closed-loopperformanceobjectives. For AQM per-
formance,we focusedon objectivesincludingqueueusageand
latency control. Thesewereachievedby designingthe PI con-
troller to regulatethequeuelevel to adesiredreferencevalue Ï`� .
This referencelevel wassettableby theuserandproducedregu-
latedvaluesof round-triptime andpacket loss.Theintegral (I)
actionof the PI controllerwasresponsiblefor this steady-state
regulation. Moreover, it maintainedthis propertyin thefaceof
network variations.That is, queueregulationwasinsuredwith-
out exacta priori knowledgeof theTCPload

:
or propagation

delay " $ . The proportional(P) term of this controllerwasim-
portantin establishingstability marginsandspeedof response.
We implementedboththeproportionalandPI controllersin ns

andcomparedtheirperformancewith REDunderscenariosthat
includedbothshortandlong-livedTCPflows. ThePI controller
exhibited superiorperformancein all casesand demonstrated
its ability to operatethenetwork athigh levelsof utilizationand
low levelsof latency.

Our approachto AQM control was deliberatelysimple and
straightforward.Insteadof nonlinearanalysis,wechoseto work
with linearizedmodels. Insteadof optimal control methodolo-
gies,suchasLQG/LTR, 2 . or 243 [21] methods,we limited
our attentionto classicalcontrol elements. Consequently, we
have sacrificedglobal,evenoptimal resultsin aneffort to meet
oneof our main goalswhich wasto relateAQM objectivesdi-
rectly to network andcontrollerparameters.Moresophisticated
controllersarethesubjectof our futurueresearch
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