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H2-AQM - An Optimal A
tive Queue Management ControllerMi
hele M. de A. E. Lima� y Nelson L. S. da Fonse
ay Jos�e C. GeromelzAbstra
tThis report introdu
es a novel AQM poli
y that uses an H2 optimal 
ontroller. Thesynthesis of the 
ontroller uses a non-rational approa
h, in whi
h the stability and per-forman
e obje
tives of the system are 
ompletely expressed as Linear Matrix Inequalities(LMIs). The 
ontroller stabilizes the system under diverse network 
onditions.1 Introdu
tionThe Transmission Control Proto
ol (TCP) 
hanges its transmission rate a

ording to theestimated available bandwidth. Su
h 
hange is governed by the re
eipt of a
knowledgementsfrom the re
eiver. If three a
knowledgments for the same pa
ket are re
eived, the pa
ketis 
onsidered lost and the transmission window is redu
ed by half. If an a
knowledgmentis not re
eived after a 
ertain period (timeout), the pa
ket is also 
onsidered lost, and thetransmission window is drasti
ally redu
ed to one pa
ket. During the elapsed time betweenthe loss of a pa
ket and the dete
tion of the loss by the sender, numerous pa
ket might havebeen transmitted and dropped, in
reasing 
ongestion and wasting bandwidth. To amelioratesu
h problem, A
tive Queue Management (AQM) me
hanisms have been proposed.The idea behind AQM is the early noti�
ation of in
ipient 
ongestion so that TCPsenders 
an redu
e their transmission rate before queue over
ows, avoiding the degradationof TCP performan
e.Random Early Dete
tion poli
y (RED) [1℄ is the AQM poli
y re
ommended by theInternet Engineering Task For
e (IETF) to be deployed in the Internet [2℄. RED wasproposed to avoid 
ongestion, to ensure an upper bound on the average queue size, to avertglobal syn
hronization and to prevent bias against bursty traÆ
. RED estimates the averagequeue size, whi
h is 
ompared to two threshold values: minth and maxth. If the averagequeue size is smaller than minth, no pa
ket is marked/dropped. If it is between minth andmaxth ea
h arriving pa
ket is marked/dropped with probability pa, whi
h grows linearlywith the estimated queue size. Otherwise, every arriving pa
ket is dropped. Setting REDparameters is a major 
hallenge. When threshold values are not 
orre
tly de�ned, RED 
anperform even worst than the traditional tail drop poli
y. When minth is too low, the linkmay be underutilized and when maxth is too high delay in
reases unne
essarily.�Department of Informati
s - State University of West Paran�a - (UNIOESTE)yInstitute of Computing - State University of Campinas - (UNICAMP)zFa
ulty of Ele
tri
al and Computer Engineering - State University of Campinas - (UNICAMP)1



2 Lima, Fonse
a, and GeromelThe performan
e of TCP over RED is sensitive to the number of a
tive 
onne
tions.When there is a great number of a
tive 
ows, the aggregate traÆ
 is bursty, 
ausing large os-
illations in queue size and, 
onsequently, in
reasing jitter and link underutilization. More-over, when the mark/drop probability value varies too mu
h in a short period, RED fails tomark the pa
kets randomly, 
ausing the global syn
hronization phenomenon, whi
h is theredu
tion of the transmission window size of many 
onne
tions at the same time in responseto the drop of a pa
ket. When the average queue size is larger than maxth, all pa
kets aredropped/marked 
ausing signi�
ant de
rease in throughput.To over
ome the diÆ
ulties of tuning RED parameters, numerous studies based onheuristi
s and simulations have been 
ondu
ted. Nonetheless, su
h studies neither assurethat an equilibrium point 
an be rea
hed nor guarantee stability of the queue size [3, 4℄.On the other hand, investigations have been 
arried out to derive RED 
on�guration in amore systemati
 way [5, 6℄.To design and develop AQM poli
ies that ensure stability about an equilibrium pointsome approa
hes based on Optimization and Control Theory have been proposed. In theformer, the purpose is to 
hara
terize the equilibrium 
onditions that 
an be obtained givena network state. In poli
ies based on Control Theory, 
ongestion 
ontrol is viewed as afeedba
k 
ontrol system. The aim is, thus, to 
apture the dynami
s of 
ongestion andensure stability of the queue size. In [7℄, the behavior of AQM queue fed by TCP sour
eswas modelled and in [8℄ the authors proposed a Proportional Integrator 
ontroller and
ompared its performan
e to RED.This paper presents a new AQM poli
y, that uses an optimal 
ontroller. A simpli�ednon-linear dynami
 model of TCP presented in [9℄ is used to design this 
ontroller. Themodel is linearized and the resulting system is linear with 
onstant delay. The output thatgives the expe
ted performan
e is identi�ed, and a 
ontroller that produ
es the optimalsolution to a
hieve the target performan
e is developed.The novelty of this paper is the new approa
h of using non-rational 
ontrollers. The useof non-rational 
ontrollers over
omes the main diÆ
ulty of designing rational 
ontroller forlinear delay systems, whi
h is to in
orporate in the design problem the matrix multiplierused to prove stability with respe
t to the delayed part of the system [10℄. Furthermore,stability and performan
e obje
tives are 
ompletely expressed as Linear Matrix Inequalities(LMIs).This paper is organized as follows. Se
tion 2 des
ribes related works. Se
tion 3 showsa TCP model used in the design of the proposed AQM system. In Se
tion 4, the designof H2-AQM, an a
tive queue management algorithm that uses a non-rational 
ontroller, isintrodu
ed. In Se
tion 5, numeri
al results are presented. Finally, in Se
tion 6, 
on
lusionsare drawn.2 Related WorksAQM poli
ies based on Optimization Theory aim at maximizing the transmission rates ofsour
es while providing equal share of the available bandwidth among them [11, 12℄. Utilityfun
tions of the aggregate 
ows are de�ned to identify the equilibrium 
onditions for a



H2-AQM - An Optimal A
tive Queue Management Controller 3network state. In the dual version of this problem, the loss rate is the dual variable. Thepurpose is to a
hieve the minimum loss rate that assures the maximum transmission rates.The poli
y Random Exponential Marking (REM) is presented as a solution for this problem[13℄. REM expresses the 
ongestion measures as pri
es, 
omputed for ea
h link using lo
alinformation. Pri
e values are informed to the sour
es through pa
ket dropping/marking.Poli
ies based on Control Theory 
onsider the intrinsi
 feedba
k nature of 
ongestionsystem. The transmission rate of the sour
es are adjusted a

ording to the level of 
onges-tion, determined by the queue o

upan
y. The noti�
ation of 
ongestion to the sour
es isdone through pa
ket dropping/marking. Therefore, 
ontrollers are responsible to determinethe appropriate value of the drop/mark probability value that stabilizes the queue size in-dependently of network 
onditions, whi
h is of paramount importan
e to avoid jitter andlow link utilization.Stabilized RED (SRED) aim at stabilizing the queue size about a referen
e value inde-pendently of the number of a
tive 
ows. It estimates the number of a
tive TCP 
onne
tionsand 
ompute the suitable drop/mark probability for that number of 
ows [14℄. Dynami
RED (DRED) has the same obje
tive of SRED. However, it does not estimate the numberof a
tive 
ows. It uses a proportional 
ontroller, with a gain determined empiri
ally bysimulation [15℄.In [8℄ a simpli�ed model of the dynami
 of TCP behavior [7℄ is used to derive theProportional Integrator AQM (PI-AQM), whi
h uses a proportional integrator 
ontroller.The plant os this 
ontroller, however, does not represent all the dynami
 of the system,making ne
essary the establishment of the network 
onditions for whi
h the 
ontroller isable to stabilize the system.The H2-AQM 
ontroller, presented in this work, utilizes the same simpli�ed model usedto derive the PI-AQM 
ontroller. Nevertheless, the plant used in the H2-AQM design rep-resents the system in greater detail, ensuring system stability independently of the network
onditions. Another di�eren
e is that H2-AQM uses optimal 
ontrollers instead of 
lassi
al
ontrollers su
h as proportional or proportional integrator. Moreover, in this work the sta-bility and performan
e obje
tives of the AQM system are expressed and solved as LinearMatrix Inequalities (LMIs). In other words, the 
omputation of the 
ontroller parameters
an be performed by solving a 
onvex problem.3 A Dynami
 Model for the TCP BehaviorA 
uid-
ow sto
hasti
 di�erential equation model for the TCP behavior was introdu
ed in[7℄. A simpli�ed version of this model, whi
h suppress the timeout me
hanism of TCP isgiven by [8℄: _W (t) = 1R(t) � W (t)2 W (t�R(t))R(t�R(t)) p(t�R(t)); (1)_q(t) = �C(t) + N(t)R(t)W (t) + !q(t); (2)



4 Lima, Fonse
a, and GeromelR(t) = q(t)C(t) + Tp; (3)W (t): is the average TCP window size in pa
kets;q(t): is the queue size in pa
kets;!q(t): is the noise produ
ed by UDP 
ows;R(t): is the round trip time (RTT) in se
onds;C(t): is the link 
apa
ity in pa
kets/se
ond;Tp: is the propagation delay in se
onds;N(t): is the load fa
tor in number of TCP 
onne
tions;p(t): is the pa
ket mark/drop probability;Equation (1) des
ribes the TCP window dynami
s. The �rst term models the windowadditive in
rease, while the se
ond models its multipli
ative de
rease. Equation (2), 
ap-tures the queue behavior as the di�eren
e between the arrival rate, NW=R+!q(t), and thelink 
apa
ity, C.Equation (2) di�ers from the one presented in [8℄ by the term !q(t), whi
h was in
ludedto take into a

ount the 
ontribution of UDP 
ows to the queue size. UDP 
ows are non-adaptive, whi
h means that they do not redu
e their transmission rate under 
ongestion.Let the number of TCP 
onne
tions and the 
apa
ity be 
onstant, i. e. N(t) � N andC(t) � C and let (W , q) be the system state, p the input, and R0 = q0C +Tp, the equilibriumpoint (W0, q0, p0) is 
omputed by solving _W (t) = 0 and _q(t) = 0, whi
h gives:W0 = s 2p0 = R0CN = q0 + CTpN ; (4)q0 = Ns 2p0 � CTp = CR0 � CTp; (5)p0 = 2N2(R0C)2 = 2N2(q0 + CTp)2 ; (6)Equations (1) and (2) are linearized about the equilibrium point (W0, q0, p0) resultingin: _x1(t) = � NR20C (x1(t) + x1(t�R0))� R0C22N2 u(t�R0)� 1R20C (x2(t)� x2(t�R0)) (7)_x2(t) = NR0x1(t)� 1R0x2(t)where: x1(t) _= W (t)�W0;x2(t) _= q(t)� q0;u(t) _= p(t)� p0;
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Figure 1: AQM as a feedba
k 
ontrol system4 Design of an Optimal Controller for A
tive Queue Man-agementIn this se
tion, the 
ongestion 
ontrol system (7) is represented as a 
ontinuous time lineardelay system in state spa
e form and a non-rational approa
h is used to derive the H2optimal 
ontroller. The synthesis of the 
ontroller is based on the results presented in [10℄,where the design of the 
ontroller for linear delay systems is 
ast and solved as LinearMatrix Inequalities (LMIs).The TCP dynami
s of system (7) 
an be analyzed as a fun
tion of network parameterssu
h as the number of TCP 
ows, N , the round trip time (RTT), R0, the link 
apa
ity, C,and in terms of the intrinsi
 feedba
k nature of AQM [8℄. The a
tion of the AQM 
ontroller,C(s), is to mark/drop pa
kets with probability value p, using the measured queue size q. Itshould also stabilize the plant of the system, denoted by the transfer fun
tion P (s), whi
his irrational in s and relates how the mark/drop probability a�e
ts the queue size. Figure1 presents an AQM feedba
k 
ontrol system.The plant P (s) 
aptures the dynami
 of the system in greater detail than the one in [8℄,where the plant is simpli�ed to isolate the 
ontributions due to delay in the residual, �(s).Su
h residual is treated as an unmodeled dynami
s of the system.The advantage of representing in plant P (s) the 
omplete dynami
 of the system is thefa
t that the stabilization of the plant by the 
ontroller C(s) implies in system stabilization.In [8℄, to ensure stability of the system the 
ontroller C(s) has to stabilize the residual�(s), and also need to establish an upper bound for �(s)V (s), where V (s) is the sensitivityfun
tion of the system. It implies in identifyingN , R0 and C values, for whi
h the 
ontroller
an stabilize the system.The linear system presented in (7) 
an be expressed in state spa
e form by the followingequations that des
ribe a 
ontinuous time linear delay system:_x(t) = A0x(t) +A1x(t�R0) +Bww(t) +Buu(t�R0); (8)z(t) = Czx(t) +Dzuu(t);y(t) = Cyx(t�R0) +Dyww(t);where x(t) is the state ve
tor; u(t) is the 
ontrol input that represents the probabilityp(t); w(t) is the external noise produ
ed by UDP load; z(t) is the referen
e output, i. e.,the desired output for the system and y(t) is the measured output.



6 Lima, Fonse
a, and GeromelNow, 
onsider that the system des
ribed in (8) is 
onne
ted to the following 
ontroller:_̂x(t) = Â0x̂(t) + Â1x̂(t�R0) + B̂y(t); (9)u(t) = Ĉ0x̂(t) + Ĉ1x̂(t�R0) + D̂y(t);This 
ontroller 
an also be des
ribed in the frequen
y domain by the non-rational trans-fer fun
tion: C(s) = (Ĉ0 + Ĉ1e�sR0)(sI � Â0 � Â1e�sr0)�1B̂ + D̂; (10)The 
ontroller (9) was 
arefully 
hosen to reprodu
e the stru
ture of the plant of thesystem (8). The goal is to determine the matri
es of the 
ontroller (9) that stabilizes (8)while minimizing a 
ertain measure of the referen
e output z(t). It is, thus, ne
essary tode�ne the desired performan
e goals for the output z(t) and what should be measured inthe output y(t). This implies that the desired performan
e goals for the designed AQMpoli
y must be represented in the 
ontroller C(s).The performan
e goals of an AQM poli
y as suggested in [8℄ are: 
ongestion avoidan
e,eÆ
ient queue utilization and assuran
e of low delay and delay variation. Using the queueeÆ
iently means that unne
essary periods of over
ow and emptiness should be avoided.The former results in loss of pa
kets, undesired retransmissions, and penalization of burstytraÆ
, while the later implies in bu�er underutilization. In order to produ
e low delayvalues, the queue size should be small, whi
h, however, 
an lead to link underutilization.Additionally, queue size variations should be avoid to prevent jitter, whi
h is detrimentalto some real time appli
ations. Thus, the ideal mark/drop probability value should assuremaximum transmission rates while minimizing the queue size subje
t to the network 
ondi-tions, so that needless pa
ket loss is avoided. To a
hieve su
h goals, the matri
es of system(8) are de�ned as:A0 = " � NR20C � 1R20CNR0 � 1R0 # ; Bw = " 0 00:2C 0 # ;A1 = " � NR20C 1R20C0 0 # ; Bu = " �R0C22N20 # ;Cz = 264 0 1NR0 � 1R00 0 375 ; Dzu = 264 000:5 375 ;Cy = h 0 1 i ; Dyw = h 0 0:02C i ;Matri
es A0, A1 and Bu are obtained dire
tly from the linearization of the system. A0represents the terms of the system without delay, while matrix A1 represents the delay
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tive Queue Management Controller 7term. The �rst row of these matri
es 
orresponds to �f1�xi , and the se
ond 
orresponds to�f2�xi , with i = 1; 2. Bu 
ontains �f1�u in the �rst row, and �f2�u in the se
ond row, where f1 isthe right-hand of Equation (1) and f2 the right-hand of Equation (2), x1 =W , x2 = q andu = p.Bw, 
ontrols the amount of noise existing in the system, whi
h is generated by UDP
ows. The value 
hosen allows UDP 
ows to utilize up to 20% of the link 
apa
ity. Su
hvalue is a satisfa
tory toleran
e margin, given that 95% of the bytes transmitted in theInternet are generated by TCP [16℄.Cz translates the design goal, whi
h is to maximize the transmission rates while mini-mizing the queue size and its variation. The �rst row is related to the queue size, and these
ond to the queue variation. Dzu, weighs the value of the drop/mark probability in theoutput. Di�erent weight values were tested, from 0:3 to 0:9. Results were quite similar, so,a value of 0:5 was adopted.Cy indi
ates that the value of interest measured in the output is the queue size in theprevious RTT. Finally, Dyw, weighs the noise in the measured output, whi
h is, in general,10% of the value in matrix Bw.Let �x(t) be the augmented state ve
tor whi
h 
ontains the state ve
tor x(t) and the
ontroller state ve
tor x̂(t): �x(t) = " x(t)x̂(t) # ; (11)The 
onne
tion of the system (8) with the 
ontroller (9) yields the linear delay system:_�x(t) = A0�x(t) +A1�x(t�R0) + Bw(t); (12)z(t) = C0�x(t) + C1�x(t�R0) +Dw(t);where:A0 = " A0 BuĈ00 Â0 # ; A1 = " A1 +BuD̂Cy BuĈ1B̂Cy Â1 # ;B = " Bw +BuD̂DywB̂Dyw # ; C0 = h Cz DzuĈ0 i ;C1 = h DzuD̂Cy DzuĈ1 i ; D = DzuD̂Dyw;To ensure stability of system (12), the Theorem 4-b in [10℄ is used. This theoremstates that a system su
h as (12) is asymptoti
ally stable and kHwz(s)k22 < 
, if there existsymmetri
 and positive de�nite matri
es W , Y0 and Xj , and matri
es F , R, Lj and Qj , forj = 0; 1, su
h that the following LMIs have a feasible solution:264 A0 +AT0 +X1 (�)T (�)TAT1 �X1 (�)TC0 C1 �I 375 < 0 (13)



8 Lima, Fonse
a, and Geromel" W (�)TB P0 # > 0; tra
e(W ) < 
 (14)where A0, A1, B, C0, C1, D and P0 are given by:A0 = " A0X0 +BuL0 A0Q0 Y0A0 # ; A1 = " A1X0 +BuL1 A1Q1 Y0A1 + FCy # ;B = " BwY0Bw + FDyw # ; C0 = h CzX0 +DzuL0 Cz i ;C1 = h DzuL1 0 i ; P0 = " X0 II Y0 # ;This 
onvex problem was numeri
ally solved using the software LMISol [17℄. The net-work parameters were the same used in [8℄, whi
h are N = 60 TCP 
ows, R0 = 0:246se
onds and C = 3750 pa
kets/se
onds, that 
orresponds to a link 
apa
ity of 15 Mb/s andaverage pa
ket size of 500 bytes. A feasible solution was found, and, therefore, system (12)is stable.On
e a feasible solution was 
al
ulated, the next step is to determine the parametersof 
ontroller (9). First, arbitrary singular matri
es U0 and V0 su
h that V0U0 = I � Y0X0should be 
hosen. The matri
es used were U0 = X0 and V0 = X�10 �Y0. Then, the 
ontrollerparameters are determined by: " Â0 Â1 B̂Ĉ0 Ĉ1 D̂ # = K:M:N : (15)where:K = " V �10 V �10 Y0Bu0 I # ;M = " Q0 � Y0A0X0 Q1 � Y0A1X0 FL0 L1 0 # ;N = 264 U�10 0 00 U�10 0�Cy0X0U�10 �Cy1X0U�10 I 375 ;In the obtained optimal solution, matri
es Â1 and Ĉ1 are approximately zero, and,therefore, were ignored. As a result, the 
an
ellation of the delay terms in the system leadto a rational 
ontroller. The delay 
an
ellation, when possible, is the optimal solution toa H2 norm minimization problem [10℄. The 
ontroller CH2(s) represented by its transferfun
tion in the frequen
y domain is given by:
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tion()N ( NumberA
tiveF lows();p0 ( 2 �N2=(R0 � C)2;q0 ( N � sqrt(2=p0)� C � Tp;p ( a � (q � q0)� b � (qold � q0) + 
 � (pold � p0) + p0;pold( p;qold( q;end; Figure 2: H2-AQM probability 
al
ulation algorithmCH2(s) = 0:8243e�5s+ 3:186e�50:8978s + 3:4703 ; (16)Note that CH2(s) is of order one and not of order two, as expe
ted, sin
e the 
oeÆ
ientsof s2 both in the numerator and in the denominator were ignored, due to their small values.For a digital implementation of CH2, it is ne
essary to 
hoose a sampling frequen
y, fs,so that a representation in the z-domain is obtained. The frequen
y 
hosen was fs = 160Hz,whi
h is the same used in [8℄. CH2 in the z-domain is, thus, given by:CH2(z) = az � bz � 
 = 9:181�6z � 8:962e�6z � 0:9761 ; (17)The transfer fun
tion between Æp = p � p0 and Æq = q � q0 presented in (17), 
an be
onverted in a di�eren
e equation at dis
rete times kT , where T = 1fs :Æp(kT ) = aÆq(kT ) � bÆq((k � 1)T ) + 
Æp((k � 1)T ); (18)The algorithm for the 
al
ulation of the mark/drop probability value in H2-AQM isvery simple, and is exe
uted at ea
h sampling instant 1=fs (Figure 2). Initially, the al-gorithm estimate the number of a
tive TCP 
ows. Then, the referen
e values for systemstabilization, p0 and q0, are 
omputed. Finally, the probability value is 
al
ulated based on(18). The algorithm needs two auxiliary variables: qold and pold, whi
h are used to storethe values of q and p respe
tively in the last RTT.5 Numeri
al ResultsIn [8℄, it was shown that PI-AQM outperformed RED. Therefore, in this se
tion H2-AQMis 
ompared only to PI-AQM. The Simulink software was used to model and simulate both
ontrollers. Congestion 
ontrol was modelled as a feedba
k system in whi
h the 
ontroller
an be 
hosen to determine the mark/drop probability p(t). Di�erent values of N;C; Tpand R0 were used in the simulations. The traÆ
 was 
omposed of both TCP and UDP
ows. The network parameters used to obtain the equilibrium point were: N = 60 TCP
ows, Tp = 0:2 se
onds, R0 = 0:246 se
onds and C = 3750 pa
kets/se
onds. UDP traÆ
,
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) d)Figure 3: Simulation with N = 600 TCP 
ows, R0 = 0:246 se
onds Tp = 0:2 se
onds andC = 3750 pa
kets/se
ond. a) PI-AQM queue b) PI-AQM probability, 
) H2-AQM Queue,d) H2-AQM probability!q(t), is represented by a white noise, and 
an be up to 20% of the link 
apa
ity. The initial
ondition of the system was de�ned as W (0) = 1 and q(0) = 0.First, it was assessed the impa
t of the number of a
tive 
ows on the system (Figure 3).The values of C, R0 and Tp were kept equal to the initial values and the number of a
tiveTCP 
ows was in
reased up to 600 
ows, leading to a drop/mark probability value of 0:85.It was veri�ed that both 
ontrollers stabilize the system even with a high number of 
ows.However, H2-AQM stabilizes the probability value mu
h faster than does PI-AQM.The impa
t of the bandwidth-delay produ
t on the system was also investigated. Firstly,C and N were kept equal to the initial values and the value of Tp was gradually in
reasedand R0 = Tp + 0:05. It was veri�ed that for values of Tp greater than 0:35 se
onds, the PI-AQM 
ontroller has diÆ
ulties to stabilize the system. The queue probability and queue sizeos
illate 
onsiderably. For Tp values higher than 0:55 se
onds, PI-AQM does not stabilizethe system. The os
illations are wide, whi
h may 
ause large jitter values. Conversely,H2-AQM produ
es small os
illations under the same 
ondition, and stabilizes the system(Figure 4).Se
ondly, C was varied and Tp and N were kept 
onstant. When the C value wasapproximately the double of its initial value, PI-AQM start having diÆ
ulties to stabilizethe queue size and the drop/mark probability. When C value rea
hes 8000 pa
kets/se
ond,PI-AQM de�nitely fails to stabilize the system (Figure 5-a and 5b). The os
illationspresented are quite intense. Conversely, it 
an be veri�ed in Figure 5 that H2-AQM
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) d)Figure 4: Simulation with N = 60 TCP 
ows, R0 = 0:6 se
onds Tp = 0:55 se
onds andC = 3750 pa
kets/se
ond. a) PI-AQM queue b) PI-AQM probability, 
) H2-AQM Queue,d) H2-AQM probabilitystabilizes the system under the same 
onditions. Simulation results indi
ate that PI-AQMdoes not stabilize the system when the number of a
tive 
ows is small 
ompared to thebandwidth-delay produ
t, whereas H2-AQM does.Results obtained in this investigation were somehow expe
ted. PI-AQM uses a sim-pli�ed plant of the system, and the 
onditions for whi
h it 
an stabilize the system arelimited. Consequently, PI-AQM does not assure stability for diverse network 
onditions.On the other hand, H2-AQM provides stability and also produ
es the optimal drop/markprobability values for di�erent network 
onditions avoiding unne
essary pa
ket losses.6 Con
lusionThis report introdu
ed an optimal 
ontroller for AQM systems fed by both TCP and UDP
ows. H2-AQM takes into 
onsideration a detailed des
ription of the system, whi
h assuressystem stabilization under di�erent network 
onditions. Although it was used a non-rationalapproa
h, the obtained 
ontroller was rational, sin
e the 
an
ellation of the delay termsin the system was possible, obtaining the optimal solution to an H2 norm minimizationproblem. In addition, the 
ontroller is of order one and not of order two, as expe
ted,leading to a simple 
ontroller, and 
onsequently, allowing a very simple algorithm. It wasshown through simulation that H2-AQM outperforms the PI-AQM poli
y in a
hieving AQMobje
tives. H2-AQM is under implementation in the NS networks simulator, in order to
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) d)Figure 5: Simulation with N = 60 TCP 
ows, R0 = 0:246 se
onds Tp = 0:2 se
onds andC = 8000 pa
kets/se
ond. a) PI-AQM queue b) PI-AQM probability, 
) H2-AQM Queue,d) H2-AQM probabilityallow the veri�
ation of its performan
e in a dynami
 network environment, as well to allowa 
omparison with other AQM poli
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