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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 showvn
to have better theoretical properties than the well known RED controller.
We presentguidelinesfor designing stable controllers subject to network
parameterslik e load level, propogation delay etc. We also presentsimple
implementation techniqueswhich require a minimal changeto RED imple-
mentations. The performance of the controllers are verified and compared
with RED using ns simulations. The secondof our designs,the Propor-
tional Integral (PI) controller is showvn to outperform RED significantly.

I. INTRODUCTION

Active QueueManagemen{AQM) is a very active research
areain networking. Specifically the RED [1] variantof AQM
hasgenerated lot of researchandinterestin the community
Understandingthe behaior of RED has largely remaineda
“simulateandobsene” exercise andtuningof RED hasproven
to bea difficult job. Numerousvariantsof RED have beenpro-
posed?2], [3], [4], [5] to work aroundsomeof the performance
problemsobvsenedwith RED. In [6], we performeda control
theoreticanalysisof a linearizedmodelof TCP andRED. The
analysissnabledusto presentlesignguidelinesor RED, which
we verified via simulationsusingns- 2 [7]. Our investigations
revealedtwo limitations of RED. Thefirst limitation dealswith
the tradeof betweenspeedof responsendstability. A design
thatis fastin its responsdime, wasfoundto have relatively low
stability mamins, while a designthatis stableexhibits sluggish
responsesTheotherlimitation of REDis thedirectcouplingbe-
tweenqueudengthandlossprobability The steadystatequeue
lengthin RED is dependenbn the load level. Hence,for an
overloadedsystemthe flows paya doublepenaltyof higherde-
lay aswell ashigherloss. Thetwo canbeeasilydecoupled.

In this paperwe apply classicalcontrol systemtechniquego
designcontrollersthatarebettersuitedfor AQM thanRED. We
comeup with two simpledesignsnamelythe Proportionaland
the Proportional-Intgral (PI) controller We preseniguidelines
to designthesestablelinear controllers. We verify our guide-
linesthroughnon-linearsimulationsusingns. We alsopresent
guidelinesfor a simpleimplementatiorof the Pl filter in aRED
capableouteror simulator The PI controlleris shavn via sim-
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ulationsto bearobustcontrollerthatoutperformghe RED con-
troller underalmostall scenariogonsidered.

The problemof designingcontrollersfor AQM hasalsobeen
approachedrom anoptimizationstandpointn aframework de-
finedby Kelly etal. [8]. Theproblemis formulatedasa convex
programwith theaggreyatesourceutility beingmaximizedsub-
jectto capacityconstraint.In theprimal versionof the problem,
controllersare designedaking a penaltyfunction approachto
obtainoptimalsourcerateq9], [10]; whereasn adualformula-
tion [11] controllersaredesignedo obtainoptimal congestion
measuregthe dual variables). A virtual buffer techniqueto-
wardsthe designof controllersis takenin the primal approach,
with the basicideabeingto mark pacletswhena virtual buffer
(smallerin capacityandserviceratethantheactualbuffer) over-
flows. GibbensandKelly proposea staticvirtual buffer config-
uration [9], whereasKunniyur and Srikant[10] use an adap-
tive virtual buffer, adaptingthe sizeand capacityof the virtual
buffer asafunctionof theincomingrateto bothminimizedelay
andmaximizeutilization. AthuraliyaandLow [11] designcon-
trollersfrom theduality standpointandwe notethatoneversion
of their REM controlleris very similar in flavor to the Pl con-
troller we have proposed. The optimizationbasedapproaches
largely leadto steadystateequilibria,anddon’t concentrateéoo
muchon the transientperformanceof the controllers. Our ap-
proach,ontheotherhand,utilizes controltheoryandwe cansi-
multaneouslyanalyzeand designfor somedesiredsteadystate
aswell astransientperformance.

The restof the paperis organizedasfollows. In Sectionll,
we presenthelinearizedcontrol systemdevelopedin [6]. Sec-
tion 11l developstheProportionakontroller, andpresentslesign
guidelines.In SectionlV we verify our designguidelineswith
simulationsandpoint out a deficieng of the Proportionalcon-
troller. In the next Sectionwe develop the PI controller Sec-
tion VI presentssimulationsusing the Pl controller and also
comparests performancewith the RED controller Finally we
presenbur conclusionsn SectionVII.

Il. BACKGROUND

In [6], we linearized a non-linear dynamic model for
TCP/AQM developedin [12]. The non-linearmodelis shovn
in Figurel1, while the linearizedmodelis depictedin Figure2,
see[6] for linearizationdetails.

In the model C(s) is the compensatoror controller and
P(s)e R0 is the “plant” or TCP/AQM systemwe are trying
to control. Ry is theroundtrip time, which causes delayin the
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Fig. 1. Block-diagramof a TCP connection.

feedbaclof losses.P(s) is givenby P, (s) Pyyeue (s) Where

Roc;2
Pi,(s) = L;
t p( ) S+ Ezg%
N
R
Prueue(s) = s_}_oRAo- 1)
with
Ry = round-triptime attheoperatingpoint
C = link capacity(paclets/sec)
N = loadfactor(numberof TCPsessions)

We referto thetwo poles—2N/(R3C) and—1/ R asp;., and
Dqueue FESPECHElyY.

The compensatomwhich was studiedin [6] was the well
known RED [1] controller RED consistsof a low-passfil-
ter (LPF) and nonlineargain map asshavn in Figure3. The
form of the LPF wasderivedin [12]. The pole K is equalto
log.(1 — a)/é, whereq is the averagingweightand§ is the
samplingfrequeng. Normally RED updatest’s moving aver
ageon every pacletarrival, andhences is 1/C, whereC is the
gueuecapacityin paclets/secAt highloadlevelsthis sampling
frequeny exceedsC, whereasat low load levelsit falls belov
C. On an averagehowever, underthe assumptiorof a stable
congestedjueue the samplingfrequengy is C. The RED con-
troller is depictedin Figure 3. A transferfunction model for
REDis:
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Fig. 2. Block diagramof alinearizedAQM controlsystem

where

Pmaz K = lOQe(l - a)

L’I‘Cd =
mazx, — Ming, 1)

Theoutputof the RED controlleris alossprobabilityasa func-
tion of theaveragequeueength,asdepictedn the RED profile
in Figure3. Thislossprobabilityis utilizedin droppingor mark-
ing paclets.

Pa

O — K q

s+K

Lrep

miny,

maX,

packet-marking profile averaging filter

Fig. 3. RED asacascadef low-passfilter andnonlineargainelement.

Basedon onthelinearizedmodel,we gave designrulesin [6]
for obtaininga stablelinear feedbackcontrol systemwith the
RED controller

I1l. THE PROPORTIONAL CONTROLLER

A limitation of the RED design(inherentin the natureof the
RED controller)is thatthe responseime of the control system
is quite long. Specifically the responsdime of the systemis
limited to 1/w, sec,where

(3)

The multiplication factor of 0.1 is the tradeof betweenstabil-
ity maginsandspeedf responselLargervaluesthan0.1 yields
moreresponsiedesignshoweverthey have lower stability mar
gins. Intuitively speaking the lag introducedby the low pass
filter is a causeof the sluggishnessf the responseOneway to
improve the responsdime of the systemis to remove the low
passfilter, andintroducewhatis known asthe classicalpropor
tional controller In proportionalcontrol, the feedbacksignalis
simply the regulatedoutput(queueength) multiplied by a gain
factor In the RED context, it correspondso obtainingtheloss
probability from the instantaneougueuelength insteadof the
averagedqueudength. While we appreciatehatoneof the de-
sign goalsof the low passfilter wasto let transientburstspass
through,from a control standpointhe averagingcanleadto in-
stability andlow frequeng oscillationsin the regulatedoutput.
In fact,theaveragingmechanisnis built into thequeuedynam-
ics, andthe queueessentiallyactslike a low passfilter. Thus,
while notrecommendinghattheproportionalcontrollerreplace
the LPF mechanisnin RED, we give designrulesto designa
stabilizingproportionalkcontrollef in thefollowing Proposition:

wy = 0.1 min {psep, Pgucue } -

Proposition1: Let K = oo and

Jwg Jwg
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1Sucha systemwasstudiedin [13] andshovn to performbetterthanRED.

Lyeq =

(4)




where w, isthe geometric mean of py., and pgyeye; i.€.,

IN-
R+3C

Wg = 4/PtcpPqueve = (5)
Then, the linear feedback control system in Figure 1 using
C(s) = Crea(s) in (2) is stable for all N > N~ and all
R, < R*. Moreover, the phase margins are guaranteed to be
greater than 33°.

Proof: Sincew, is choserasthegeometrianeanof p;., and
Pqueue, then
/P(jwy) > —90°

forall N > N~ andall Ry < R*. Consequently

180°

LL(jwg) = LP(jw,) + Le™“sB" > _00° — —— ~ 147°
forall N > N~ andall Ry < R*. Thus,thephasemamginsare
guaranteedo be greaterthan180 — 147 = 33 degrees. O

Example 1: We considerthe setupstudiedin Examplel in
[6], whereC' = 3750 paclets/sec? N~ = 60, ¢go = 175 and
Rt = 0.246 sec.From(5),

wy = 1/(0.5259)(4.0541) ~ 1.5 rad/sec

andfrom (4)
(b3 + V0T +1)

(0.2467)3(3750)
(120)?

Lyeqa = = 5.8624(10)~°

Thus,
Creq(s) = 5.8624(10)°

In Figure4 we give the Bodeplot for L(jw
Ry = RT.

) for N = N~ and

IV. EXPERIMENTS WITH THE PROPORTIONAL CONTROLLER

We verify our propositionvia simulationsusingthens simu-
lator. In all thegraphsshavn subsequentlyn the paperwe de-
pict the time evolution of the instantaneougueuelength, with
thetime axisdrawvn in seconds.

In thefirst experimentwelook ataqueuewith 60ftp (greedy)
flows,and180http sessionsThelink bandwidthis 15Mb/s,and
the propagationdelaysfor the flows rangeuniformly between
160and240ms,with averagepacletsizebeing500Bytes. The
buffer sizeis 800 paclets. We also provide sometime-varying
dynamicsto comparethe speedof responsef the LPF vs. the
proportionalcontroller At time¢ = 100, 20 of thegreedyflows
dropout, andattime ¢t = 140 they startbackagain.For the pro-
portionalcontroller, we settheaveragingweightto be 1, thereby
removing the low passfilter. We setthe slopeof the losspro-
file to bethe gaincalculatedn the exampleabove, varying the
losslinearly from 0 at queudength100with theslopespecified
by gain. Note thatthe buffer size of 800 putsanupperlimit on

2correspondso a 15 Mb/s link with averagepaclet size500Bytes.

Bode Diagrams

Gm=10.445 dB (at 3.9873 rad/sec), Pm=67.771 deg. (at 1.5 rad/sec)
T T

20

-80

-50

Phase (deg); Magnitude (dB)

-100
-150
-200
-250

-300

-350

-400'— L = ,
10° 10 10 10

Frequency (rad/sec)

Fig. 4. Frequeng responséor loop usingCh..q = 5.8624(10)~°

the marking probability, which is (800 — 100) - L,.q, which is
approximately0.04.We'll returnto thislimitation in alatersec-
tion. For thetraditionalRED controllerwith anLPF, we usethe
parameterglerived for stableoperationsin Example2 of [6],
with p,,.4, being0.1, ming, andmaz, 150 and 700 respec-
tively, andthe averagingweight 1.33(10) 6. The queuelength
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Fig.5. Comparisorof RED andtheproportionalcontroller

plots areshovn in Figure5. As is evident from the plots, the
proportionalcontrollershavs a muchbetterresponse It’s set-
tling time is muchlower thanRED, andit alsorespondsnuch
more quickly to variationsin load. RED on the otherhandis
quite sluggishin respondingo changesn theloadlevel.

A. Experiment 2

We now pushthe limits of both our designs.Recallthatin-
creasingroundtrip timesled to instability in the designs. We
repeatboththeexperimentdy doublingtheroundtrip timesfor



the flows. The comparisonis plottedin Figure 6. While there
is no noticeablechangein the performanceof the proportional
controller RED exhibits a markedly largerovershoot.
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Fig. 6. Comparisorof RED andthe proportionalController

B. Limitation of the Proportional controller

While the Proportionalcontroller exhibits a much morere-
sponsve behaior thanRED, it suffersfrom a limitation which
malesit impracticalto implementundercertainsituations.For
stableoperationof thecontroller, it requiresarelatively shallav
slopein thelossprofile. Buffer sizelimitationsresultin placing
acapon p,,, underthe Proportionakontrollerscenariolf the
network conditionsaresuchthatit resultsin anoperatingpoint
of p betweernthis p,,., and1, thenthatwould leadto oscilla-
tions of the kind studiedin [14]. If we increasethe slope,then
thatleadsto instability. As anexamplewe repeatthe previous
experimentbut changep, ., to 1 from 0.04for the Proportional
controller Figure 7 plots the result,and we seelarge oscilla-
tions.

Increasinghebuffer sizeto work aroundthis problemis also
notanoption,asthatcouldleadto unacceptablyargequeueing
delays. This problemarisesbecauseof this coupling between
the (average)queuesize andthe markingprobability. The two
canbe decoupledf we integral control [15] in the AQM con-
troller C(s). Both the Proportionalcontrollerand RED have a

steady state error, which is dependenbn network parameters.

While “error” may not beimportantor evidentfrom a network-
ing perspectie, sometimeghe error might be larger than the
buffer size,which againleadsto oscillatorybehavior. If thereg-
ulatedoutputis not a constanindependenbf operatingcondi-
tions (for exampleload level or roundtrip time), thenthe con-
troller is saidto have steadystateregulation errors, with that
error definedasthe differencebetweenthe steadystateoutput
value and the constant,desiredreferencevalue. Integral con-
trollers have the propertythatthis steadystateerroris 0. Thus,
we can designan integral controllerfor AQM, which will at-
temptto clamp the queuesize to somereferencevalue g,
regardlesof theload level. The simplestof suchintegral con-
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Fig. 7. ProportionalControllerwith high gain

trollersis the Pl (Proportionalntegrator)controller ThePIcon-
troller is appropriatén the AQM context, asit is possibleto de-
sign controllershaving a muchhigherloop bandwidththanthe
LPF RED controllerswith equivalentstability mamgins. Higher
loop bandwidthresultsin afasteresponsdime.

V. THE Pl CONTROLLER

A PI controllerhasatransferfunction of theform

(s/2+1)
)

C(s) = Kpr

A desiredconsequencef theintegral termin C(s) is thatdg in

Figure2 will asymptoticallycorvergeto zeroif C(s) stabilizes
P(s). In Figure 8 we shav implementationof the PI control
law with the nonlinearTCP dynamicemphasizinghe role of

thequeues operatingooint gg.

O J AQM q
— dynamic
p op & )
Pl <
Po

Fig. 8. Implementatiorof the PI controlleremphasizinghe role of operating
pointqo.

A Pl designinvolveschoosingthe locationof the zeroz and
the value of the Pl gain Kp;. We now give a propositionto
give designrulesfor a Pl controllerfor thelinearcontrolsystem
shovnin Figure2.

Proposition 2: Assume

2N~
®Ec <
With N
-
Wy = (6)

(R*)2C



(Gl +1)
Kpr =uwy pq(RT)s . (7
(2N-)?
Then, the Pl compensator
(= +1)

Cpr(s) = KPI%T
stabilizes the feedback control systemin Figure 1 for all N >
N~ andall Ry < R*. Furthermore:

Ea

PM =~ 90° —

Example 2: Considerthe setupasin Examplel. From (6),
wy = 0.53 rad/secFrom(7)

(G +1)
((0.2467)(3750))°
(120)2

Kpr =0.53 = 9.6426(10) .

Thus,

Cpi(s) = 9.6426(10)_6(0'527-'_1).

In Figure9 we give the Bodeplot for L(jw) for N = N~ and
Ry = R*. Comparedvith thedesignfor REDin [6] weobsenre
that PI compensatiotasincreasedhe bandwidthfrom 0.05 to
0.5 rad/sec.This higherloop bandwidthresultsin amuchmore
responsie controller

Bode Diagrams

Gm=19.152 dB (at 3.5968 rad/sec), Pm=75.089 deg. (at 0.52579 rad/sec)
50 T T T

Phase (deg); Magnitude (dB)

Frequency (rad/sec)

Fig.9. Frequeng responséor loopusingCpz(s) = 9.64(10)—6@.

A. Digital Implementation of the PI controller

Implementingthe PI controllerin RED capableroutersre-
quiresa simple modificationto the averagingalgorithm. We
requireto keepthe statesof two additionalvariables but on the
otherhandpotentiallythe numberof computationgequiredfor

theimplementatiorarereducedy ordersof magnitudeovertra-
ditional RED implementations.

Thetransferfunctionof the Pl controlleris describedn the s
domain(Laplacetransform). For a digital implementationwe
needto corvert the descriptioninto a z-transform,and choose
asamplingfrequeng. It is advisableto operatethe digital con-
troller at 10-20timesthe loop bandwidth. Oncewe decidethe
samplingfrequeny f,, thenwe useary of the standardech-
nigues for instancethe bilinear (Tustin’s approximation}rans-
form [16], to obtainthe z-domaintransferfunction. A Pl trans-

fer functionof theform Kpy g

1
S ) yieldsa z-domaintransfer
functionof theform

az—>

Cpi(2) = o

This is the transferfunction betweendp andédq, wheredq =
g — gres, With ¢,y beingthe desiredqueuelengthto which we
want to regulate. We canassumep,..; to be 0, which makes
ép = p. Now
p(z) az—b
6q(2)
This canbe corvertedinto a differenceequationof the vari-
ablesyielding,attimet = kT, whereT =1/ f,,

z—1

p(kT) = adq(kT) — bdq((k — )T) + p((k —1)T)  (8)

In pseudocode, it is implementedby the following snippet
calledat every samplinginstant

a*(q - gref) - b*(qold - gref) + p.old
p

q

p
pold
g-ol d

While this computationinvolves keepingtwo additional state
variablesthe computatiorrequirements not morethanthat of
RED, sincewe getthelossprobabilityp directlyanddon't need
to obtainit via the loss profile usingthe averagequeuelength.
However, abig win comesfrom the samplingfrequeng. For w,
of 0.5 rad/seccalculatedn the Example2, we needto sample
the queuelength at approximately10 to 20 times (‘;’;) , which
is about3-6 Hz. In the RED implementationwith 3750 paclet
arrivals every secondon an average the computatiorhasto be
carriedoutat3750Hz. Thuswe areableto speedupthecompu-
tationsby around3 ordersof magnitude We canbeconsenrative
andoversamplet by afactorof 10, howeverwe still endupwith
a significantsaszings in the computationakffort. We no longer
needto runthe computationstline speedit’s moredictatedby
thefastesroundtrip time of theflows passinghrough?

Thedifferenceequatioralsoprovidesanintuitive understand-
ing of theworking of the Pl controller If we rewrite (8) as

p(kT) = (a—0)dq(kT)+
(b)(6q(kT) — 6q((k — 1)T)) +
p((k—1)T)

3Notethatsimilar logic alsoappliesto RED, samplingat every paclet arrival
is anoverkill andprovidesno perceptiblebenefit.



thenthesystenconvergesonly whenbothég(kT") anddq(kT)—
dq((k — 1)T') goto zero. Thisimpliesthatthe queuelengtthas
cornvergedto the referencevalue,andalsothe derivative of the
queudength(dq(kT)—dq((k—1)T) is anapproximatiorfor the
derivative) hascorvergedto zero. The derivative corverging to
zeroimpliesthattheinputrateof theflowsto therouterhasbeen
exactly matchedto the link capacityandthereis no growth or
drainin therouterqueudevel. If theinputrateis lowerthanthe
link capacity thenthe queuestartsto drain, makingthe deriva-

tive negative andthe marking probability getscorrespondingly

reduced. This also identifiesthe equivalencebetweenthe Pl
controllerandthe “match rate, clear buffer” schemeproposed
in [11].

VI.

To validatethe performanceof the Pl controller, we imple-
mentedt in ns with asamplingfrequeng of 160Hz. Thusthe
Pl coeficientsa andb thatwereimplementedvere1.822(10) 5
and 1.816(10) 5 respectiely*. g, for the Pl controllerwas
choserto be 200 paclets.

EXPERIMENTS WITH THE Pl CONTROLLER

A. Experiment 3

In ourfirst Experimentwith the Pl control,we reusedhesce-
narioin Experimentl, with the time varying dynamicsandthe
mixture of ftp andhttp flows. The stableRED controllerin Ex-
perimentl wasalsoused. The queuelength plots for the two
controllersaredepictedin Figure10. The fasterresponsdime
aswell astheregulationof the outputto a constantvalueby the
PI controlis clearly obsened. The PI controlleris largely in-
sensitve to theloadlevel variationsandattemptdo regulatethe
gueuedengthto the samevalueof 200.
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Fig. 10. Experiment3

B. Experiment 4

In this experimentwe justusea mixture of ftp andhttp flows
and remove ary time varying dynamics. The performanceof

4We retainedonly four significantdigits asthe controllerdoesnt seemto be
too sensitve to roundingerrors

thePI controlleris plottedalongwith the RED controllerin Fig-
ure 11. Again, the fasterresponsdime for the Pl controlleris
obsened.
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C. Experiment 5

Now we increasethe numberof ftp flows to 180 and http
flowsto 360. By ouranalysistheperformancef thecontrollers
shouldslow down for higherload levels (gain N). The queue
lengthsare plotted in Figure 12 and we obsene significantly
betterperformancdrom the PI controller The RED controller
takes a long time to settledown, with the equilibrium queue
lengthquite large comparedo the lastexperiment.The Pl con-
troller on the otherhandis still controlling the queuelengthat
around200paclets. Thus,the Pl controllerappearso be much
morerobustin the faceof higherloads.
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D. Experiment 6

In this experimentwe testthe controllersat the otherend of
the stability spectrumby reducingthe ftp flowsto 16. As ob-
sened in Figure 13, the RED controller exhibits oscillations
while the PI controlleroperatesn arelatively stablemode.

800 —

— Pl Controller
i — - RED

7001

=)

eooff, |l

Queue Size (packets)
B (42
o o
o o

w
=}
=)

200

/ I 't ! i i il
I I 4l
100 i/ W
\

60 100

Time

120 140

Fig. 13. Experiments

E. Experiment 7

We stretchthe controllersto thelimit in this experiment.We
increaseghe numberof ftp flowsto 400. As anothercomparison
point, we implementthe stableProportionalcontrollerderived
earlierin the paper Thethreeplotsareshavn in Figure14. As
we can obsene, the PI controller continuesto exhibit accept-
able performancealthoughit hasbecomea little slowerin it's
responséime. Thetwo othercontrollers,ontheotherhand, hit
theroof”. Thisis aresultof thefactthatatsuchhighloadlevels,
thelossprobabilityhasbecomesohighthatthe steadystatereg-
ulation error of thosetwo controllershaspushedthe operating
gueudengthbeyondthe buffer size. This experimentillustrates

theimportanceof integral controlin an AQM systemwith a fi-
nite buffer.

F. Experiment 8

Finally, we repeathetime varyingdynamicsscenaricof Ex-
perimentsl and 3. We reducethe propagationdelay for the
flows to 40ms. Analysisindicatesthat underthis scenariothe
responsef the controllersshouldbecomesluggish. Figure 15
confirmsthat. While both the controllershave becomeslower,
the steadystateerrorof the RED controllerhasincreasediueto
the shorterroundtrip time andthe operatingpoint queuelength
is higherthanthatfor Experimentsl and3.

G. The delay-utilization tradeoff

An important considerationin designingAQM systemsis
the tradeof betweenqueuingdelayandutilization. Intuitively,
largerbuffersleadto higherutilizationsof thelink, but they also
resultin largerqueuingdelays.With the Pl controller, thedelay
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is essentiallytunablewith a single parameteyy; seeFigure8.
Largervaluesof gq give largerdelayandutilization. In contrast,
with RED, the delayis a function network conditionssuchas
loadlevel andpaclet-markingprofile parametergiingy,, mazp,
andp,,... We performedexperimentgo studythis tradeof as
illustratedin Figuresl6andl17. In Figurel6,weplotthegq vs.
utilization curve for two scenariospnewith purely long-lived
flows (ftp), andanothemwhenthetraffic flow consistedf amix-
ture of http (shortlived) and ftp flows. As we obsenre, small
qo Yields nearly full utilization in the caseof pure ftp flows,
whereas largerqp is neededo reachthis samelevel of utiliza-
tion whenboth ftp andhttp areconsidered.The corresponding
gueuingdelaysareshavn in Figure 17 indicatinga nearlylin-
ear relationshipwith ¢o. Finally, delay-utilizationcurves are
shawvn in Figure18. We repeatedheseexperimentswith RED
attemptingto controldelaythroughparametemin,,. We kept
therangemaxz;, — ming, constanthroughoutWe ranthefirst
experimentusinga dynamicrangeof 550 (this correspondso
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our stableRED designin [6]) andthenrepeatedvith arangeof
55. We comparaheperformancevith thePl designin Figure19
and20 wherebothlong andshort-livedflows wereused.In the
first of thesefigures,RED yieldshigh utilization at the expense
of large delays.Whenwe reducedhe queuingdelayby lower-
ing RED’s dynamicrange,utilization suffered. The Pl design
wascapableof operatingat bothlow delayandhigh utilization.

VIIl. DIscussiON AND CONCLUSIONS
A. Theimportance of ECN

It is critical for thesucces®f ary AQM schemehatattempts
to control the router queuethatit be usedin conjunctionwith
ECN [17]. For instance,the Pl controller canregulatequeue
lengthto alow level. This resultsin alower delaythana cor-
respondingdrop-tail system. However, whendroppinginstead
of markingpaclets,this maynotresultin moreefficient perfor
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mance gspeciallyin thecaseof shortlivedflows. Sincethelink

capacityremainsconstant,the marking/dropprobability must
increase Specifically considerN flows passinghrougha con-
gestedink of capacityC, whereR is theaverageroundtrip de-
lay encounteredindera drop-tailconfiguratiorand R g4y, is the
roundtrip delayunderanAQM configuration.Thelowerqueue-
ing delayunderthe AQM configurationresultsin R > Rgqm.,

andusingthe classical,/p ([18], [19]) formulafor throughput,

we have
2N
c— \[ N _
b R Pagm Raqm

2
= Pagm = (R ) b-
aqm

It follows that any reductionin the round trip delay because
of more efficient queuemanagementesultsin a correspond-
ing quadratidncreasean lossprobability. This resultsin higher

retransmissionsand also significantly increaseghe probabil-

ity of flows going into timeouts. Both of thesefactorsresult
in a much higher transmissioncompletiontime. Indeed,this

might be oneof thereasonsvhy [20] discoseredthatRED with

droppingin fact hasa negative effect on the transmissiora-

tenciesof short-lived (web) flows. If, however, ECN is used
to mark pacletsinsteadof droppingthem, thenwe obtainthe

full benefitsof AQM. The systemoperatesn almostlossless
regimes,therebydiminishingretransmissionaswell asreduc-
ing unnecessartimeouts.AQM coupledwith droppingcanal-

most be counterproductive, as our simple calculationsabove

demonstratedand care should be taken in implementingit in

theabsencef ECN.

2 N

B. Conclusions

In this paperwe have designedtwo alternatve AQM con-
trollersto RED; proportionalandPI controllers. The formeris
very simpleto implement(simplerthan RED), while the latter
providesimprovednetwork performancéwith complexity sim-
ilar to RED). Both controllersresultedn AQMs thatresponded
fasterthanthe RED controllerwhile Pl wassuperiorin robustly
regulating the steady-statealue of the queuelevel. We pre-
sentedjuidelinesfor their designwhich usedthe modelof TCP
andAQM dynamicsdevelopedin [6].

As in ary feedbackcontrol systemdesign,our approachwas
driven by closed-loopperformanceobjectives. For AQM per
formance we focusedon objectivesincluding queueusageand
latengy control. Thesewere achiezed by designingthe Pl con-
troller to regulatethequeudevel to adesiredreferencevalueqg.
Thisreferencdevel wassettableby the userandproducedegu-
latedvaluesof round-triptime andpacletloss. Theintegral (1)
actionof the PI controllerwasresponsibldor this steady-state
regulation. Moreover, it maintainedhis propertyin the faceof
network variations. Thatis, queueregulationwasinsuredwith-
out exacta priori knowledgeof the TCPload N or propagation
delayT},. The proportional(P) term of this controllerwasim-
portantin establishingstability mamginsand speedof response.
We implementedoththe proportionalandPI controllersin ns

andcomparedheir performancevith RED underscenarioghat
includedbothshortandlong-lived TCPflows. ThePI controller
exhibited superiorperformancen all casesand demonstrated
its ability to operatehe network at high levelsof utilizationand
low levelsof lateng.

Our approachto AQM control was deliberatelysimple and
straightforvard. Insteadof nonlinearanalysiswe choseto work
with linearizedmodels. Insteadof optimal control methodolo-
gies,suchasLQGI/LTR, Hs or Hy, [21] methods,we limited
our attentionto classicalcontrol elements. Consequentlywe
have sacrificedglobal, even optimalresultsin an effort to meet
oneof our main goalswhich wasto relate AQM objectivesdi-
rectly to network andcontrollerparametersMore sophisticated
controllersarethe subjectof our futurueresearch
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