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Abstract

Recent research has shown the link between congestiorotantommuni-
cation networks and feedback control system. In this pdperdesign of an active
gueue management (AQM) which can be viewed as a controflarpmsidered.
Based on a state space representation of a linearized fluidvtzdel of TCP, the
AQM design is converted to a state feedback synthesis profide time delay
systems. Finally, an example extracted from the literatuma simulations via a
network simulator NS (under cross traffic conditions) suppar study.

1 Introduction

Congestion control is a very active research area in net@onkmunity. In order to
supply the well known transmission control protocol (TCi}tive queue management
mechanisms have been developed. AQM regulates the quegté kefra router by ac-
tively dropping packets. Various mechanisms have beersexpin the literature such
as Random Early Detection (RE) [4], Random Early MarkingKR [[], Adaptive
Virtual Queue (AVQ) ] and many otherEllQ]. Their perf@nces have been evalu-
ated in ] and empirical studies have shown their effectass (seeE[j.Z]). Recently,
significant studies proposed lﬂ [7] have redesigned the AQditsy control theory and
P, PI have been developed in order to cope with the packet drogpotgem. Then,
using dynamical model developed @[16], many research haea devoted to deal
with congestion problem in a control theory framework (feample see|E2]). Never-
theless, most of these papers do not take into account thg detl ensure the stability
in closed-loop for all possible delays which could be constve in practice.

Modeling the congestion control using time delay is not ned global stability anal-
ysis has been studied by J15] ar[d][17] via Lyapunov-Krasip¢s&ory. Also, in [9],

a delay dependent state feedback controller is providecbmpensation of the delay
with a memory feedback control. This latter methodologynigiiesting in theory but
hardly suitable in practice.

Based on a recently developed Lyapunov-Krasovskii fumetioan AQM stabilizing
the TCP model is designed. This synthesis problem is caaigds state feedback
synthesis for time delay systems. Then, this method is epph an augmented sys-
tem in order to vanish the steady state error in spite of hstuce.

The paper is organized as follows. The second part predemtmodel of a network
supporting TCP and the time delay system representatim’uioﬁ@ is dedicated to the
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Figure 1: Network configuration

design of the AQM ensuring the stabilization of TCP. Secﬂcpresents application of
the exposed theory and simulation results using NS-2 [ﬁ¢b¢&>re concluding this
work.

2 Problem statement
2.1 The linearized TCP fluid-flow model

In this paper, we consider the network topology consistihgvohomogeneous TCP
sources (i.e with the same propagation delay) connectedéstmation node through a
router (see figurE 1). The bottleneck link is shared\bffows and TCP applies the well
known congestion avoidance algorithm to cope with the phesrmn of congestion
collapse [B]. Many studies have been dedicated to the efiTCP and its AIMD
(additive-increase multiplicative-deacrease) behaffidh, [R1], [22] and references
therein. We consider in this note the mocﬂal (1) developedLBY. [This latter may not
capture with high accuracy the dynamic behavior of TCP lsugiinplicity allows us to
apply our methodology. Let consider the following model

{ W) = a5~ St — R(t)
i(t) = HEN-C+d)
whereW is the TCP window sizey is the queue length of the router buffét,is the

round trip time (RTT) and can be expressedras- ¢/C + T,,. C, T, and N are pa-

rameters related to the network configuration and repreékertransmission capacity
of the router, the propagation delay and the number of TC8laesrespectively. The
variablep is the marking/dropping probability of a packet (that degeewhether the
ECN option, explicit congestion notification, is enablesk @]). In the mathematical
model []), we have introduced an additional sig@)) which models cross traffics
through the router and filling the buffer. These traffics ave TCP based flows (not
modeled in TCP dynamic) and can be viewed as perturbations ey are not reac-
tive to packets dropping (for example, UDP based traffic).ingdrization and some
simplifications ofﬂl) was carried out iﬂ [7]to allow the uddraditional control theory
approach. The linearized fluid-flow model of TCP is as follow,

(1)

SW(t) = ~ o (5W(t) + oW (t — h(t)))

~ e (5q(t> — dq(t — h(t))) — oG 5p(t — h(t)) )
3G(t) = 7-0W (1) — 7-0q(t) + d(t)

wheredW = W — Wy, ¢ = q — qo anddp = p — po are the perturbated variables
about the operating point. The operating pdiff, go, po) is defined by

{ W=0= Wipy=2

G=0= Wy=5%C Ry=%+T,
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Figure 2: Design of an AQM as a state feedback

The input of the mode[kZ) corresponds to the drop probghifi packet. This proba-
bility is fixed by the AQM. This latter has for objective to rdgte the queue size of the
router buffer. In this paper, this regulation problem is r@dded in Sectioﬂ 3 with the
design of a stabilizing state feedback for time delay systdndeed, an AQM acts as a
controller (see figurE 2) and in order to design it, we havebeesa synthesis problem.
Considering a state feedback, the queue management gtodttge drop probability
will be expressed as

wherek; andk, are the components of the matrix gdinwhich we have to design.
Note that the inpup(t) = u(t) + po of the system[(4) is delayed.

2.2 Time delay system approach

In this paper, we choose to model the dynamics of the queuthardngestion window
as a time delay system. Indeed, the delay is an intrinsicqrthenon in networks and
taking into account its characteristic should improve thecfsion of our model with

respect to the TCP behavior.

The linearized TCP fluid mode|[|(2) can be rewritten as thefailhg time delay system:

{ @(t) = Ax(t) + Agw(t — h) + Bu(t — h) + Bad(t) @
20(0) = ¢(0), with € [—h, 0]
with . ) N ) ,

O i e A e I

Bg = [0 1]7, 2(t) = [W(t) 6q(t)]T is the state vector and(t) = p(t) the input.
¢(0) is the initial condition.

There are mainly three methods to study time delay systebiligta analysis of the
characteristic roots, robust approach and Lyapunov theling latter will be consid-
ered because it is an effective and practical method whiokiges LMI and BMI
(Linear/Bilinear Matrix Inequalities[[Z]) criteria. Tonalyze and control the system
(H), the Lyapunov-Krasovskii approach (Stﬂa [6]) is usedcwlis an extension of the
traditional Lyapunov theory.

3 Stabilization: design of an AQM

In Section[[z, the model of TCP/AQM has been addressed as &tag dystem. The
congestion problem needs the construction of a controlléchvregulates the buffer
gueue length. In this section, we are first going to presemi@dependent stability
analysis condition for time delay systems. Then, based @nctiterion, a synthesis
method to derive a stabilizing state feedback is deduced.



3.1 Stability analysis of time delay systems

In this subsection, our goal is to derived a condition whikes into account an up-
perbound of the delay. The delay dependent case starts feystam stable without
delays and looks for the maximal delay that preserves #tabil

Usually, all methods involve a Lyapunov functional, and eor less tight techniques
to bound some cross terms and to transform syﬂem [6]. Thesess of specific Lya-

punov functionals and overbounding techniques are thénooigconservatism. In the
present paper, we choose a recently developed Lyapunaseiskii functional [b)l]]S]:

t t

V(ze) = 2T (t)Px(t) + [ [2T(s)Ri(s)dsdf

t—Lo
ws) O\ 2(s)
. x(s — %h) x(s — %h) ©6)
+ j; h : Q : ds
x(s —.Tzlh) x(s —.%h)

where P € S" is a positive definite matrix)) € S™ and R € S" are two positive
definite matricesr > 1 is an integer corresponding to the discretization stepndJsi
this functional, Let us introduce the following propositio

Proposition 1 If there exist symmetric positive definite matridesR € R"*", Q €
RM™xm ascalarh,, > 0 and an integer > 1 such that

SHrst <o @)
where
h;”R P 0 0
T ° ° o
b= 0 Am R TR R - P o e Q‘| ®)
; ;
and
S=[-1 A Onx1n Aa ] C)

then, systenﬂ(4) (with(t) = 0 andd(t) = 0) is stable for allh < h,,.

Proof. It is always possible to rewrit(ﬂ(4) a& = 0 where
a(t)
a(t)
z(t—L1h)
= ) e RU+2n (10)

w(t — T=1h)
z(t —h)



and S is defined as[{9). Using the extended variagt® ([L0), the derivative of/’
along the trajectories of systeﬂ (4) leads to:

(R P 0 0]
P -IR IR
Vie) = &7 o 'R —IR 3
0 .0 ] (1)
0 ... 0 0
+ 7 q i |e-€| 0 £<0
0 ... 0 Q
s.t. [-1 A 0 -~ 0 A4]€=0
V(zy) =¢TTE <0
C’{s.t.[t—l A0 - 0 Ag]E=0 (12)

wherel" € S(+2n depends orP, R, Q and the delay:.
Using projection lemmd20], expressidnk12) is equivater(d).
Remark 1:

e There exists another equivalent form of this LMI providec[m and based on
guadratic separation.

¢ In the same paper, it is shown that for= 1, this proposed functiorﬂ(G) is
equivalent to the main classical results of the literatukdoreover, it is also
proved that forr > 1 conservatism is reduced.

3.2 Afirst result on synthesis

Given the analysis conditiorﬂ(?) and applying the delayatbsﬁeedback[[S) on sys-
tem @) (in this subsection, the disturbance is not takem @count), the following
proposition is obtained.

Proposition 2 If there exist symmetric positive definite matridesR € R"*", Q €
R™ ™ a matrix X e R+2nxn 3 scalarh,, > 0, an integerr > 1 and a matrix
K € R™*" such that

I'+XS+5TXT <0 (13)

wherel is defined as[{8) and

S=[-1 A Ouxp—1)n Aa+ BK | (14)
then, system[]4) can be stabilized for All< h,, for the control lawu(t) = Kux(t)
(and ford(t) = 0).

Proof Considering the systerﬂ (4) with the state feedbﬂck (3){dhewing intercon-
nected system is deduced

@(t) = Az(t) + Agz(t — h), (15)

whereA; = A; + BK and A, A; and B are defined ad|(5). Then, we can apply
the analysis conditiorﬂ(?) 0@15). Using Finsler lemmd [28kre exists a matrix
X e R+2mxn gych that if [IB) is satisfied the[] (7) is true. Mat#ixis called “slack
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Figure 3: Design of an AQM as a dynamic state feedback

variables"which can reduced conservatism and may be sttegefor synthesis pur-
pose as well as robust control purpose.
Remark 2:

e To solve the synthesis criterioE[13), one has to use a BMiesol

e In [EI], a relaxation algorithm is provided with LMI conditi to find a stabiliz-
ing state feedback.

3.3 Delay dependent state feedback with an integral action

In the previous section, the design of a state feedback @dotrtime delay systems
has been exposed. The use of a such controller has beernlcartia ]. However, it
appears that in some cases, the queue size is no longerntesaithe desired level (this
phenomenon is only observed on the network simulator NShuk appears a slight
steady state error which can be explain by an inaccuracyeafitbdel. Futhermore, the
introduction of non responsive flows like UDP (user datagpaatocol) traffics which
appear as a disturbance affects the queue size equilibridrolanges the steady state.
In order to overcome these problems, the AQM is supplemenitbdan integral action.
The idea is to apply the previously exposed synthesis matiiedan augmented time
delay system composed of the original systEm (4) and anritimy(see figurE 3). The
augmented system has the following form

0 0
z:[ A 0 ]z(t)Jr[ Aa 0 ]z(t—h) (16)
01 0 00 0

+{§}5p(t—h)

with 27 = [§W &q u]T is the extended state variable. Then, the global controthwhi
correspond to our AQM, is a dynamic state feedback

W (t) t
Ip(t) =K l dq(t) ] = k10W (t) + k20q(t) + kg/ dq(t)dt. (17)
u(t) 0

In our problem, non modelled crossing traffi such as UDP based applica-
tions are introduced as exogenous signals (see fi resﬂ)aﬂidé%queue dynamic is
modified as

W)

q(t) = WN —C+d(t) (18)



Considering equationg (17), the first equation[$f (2) 4n}J,(@@ obtain the transfer
functionT'(s) from the disturbanc®(s) to the queue size (about the operating point)

AQ(s):

T(s) = bls)s . o)

(s + 7)sb(s) + %[Wsc(l—e*hs)—o—a(s)skg—o—a(s)kg]

with a(s) = — G e~ andb(s) = s + 2 (1 + ¢ %) + a(s)k,. It can be easily
(9]
shown that for a step type disturbance, the queue size@tilerges to its equilibrium.

3.4 Estimation of the congestion window

In these last two parts, a state feedback synthesis has leefenped for the conges-
tion control of TCP flows and the management of the routerdouf6o far we have
considered that the whole state was accessible. Howetlesugh the congestion win-
dow can be measured in NS (few lines have to be added in the ®@#),dt is not the

case in reality. That's why, in this paper it is proposed tinggte this latter variable
using the aggregate flow incoming to the router buffer. Thelgegy rate of single TCP
source can be approximated by

5(0) = et (20)

The above approximation is valid as long as the model doedesatribe the commu-
nication at a finer time scale than few round trip time ()[1Eonsequently, the
whole incoming rate observed by the router{$) = NW (¢t)/R(t). The measure of
the aggregate flow has already been proposed and successfplbited in ] and
[E] for the realization of the AVQ and a PID type AQM respeetix It is worth noting
that queue-based AQMs like RED or PI can be assimilated gsibfgedbacks accord-
ing to the queue length. Conversely, AVQ can be viewed as gubteedback with
respect to the aggregate flow, belonging thus to the rateeb@@M class.

4 NS-2 simulations

As a widely adopted numerical illustration extracted frcﬁ]| (see figure[|1 for the
network topology), consider the case whege= 175 packets,l}, = 0.2 second and
C = 3750 packets/s (corresponds ta@Mb/s link with average packet siz@0 bytes).
Then, for a load ofV = 60 TCP sessions, we hav&, = 15 packetspy = 0.008,
Ry = 0.246 seconds. According to the synthesis criteria presentee atic [:B the
state feedback matrices

0.9385
Ksp =1073 [ s } andKspr — 10~ l 0.5717 ] 21)
: 0.3559

are calculated for the construction of the control Iaﬂ/s (8) €LT) respectively.

We aim at proving the effectiveness of our method using 2 network simulator
widely used in the communication networks community. Tgkialues from the previ-
ous numerical example, we apply the new AQM based on a statibéek. The target
gueue lengthy, is 175 packets while buffer size i800. The average packet length is
500 bytes. The default transport protocol is TCP-New Reno witle€CN marking.

For the convenience of comparison, we adopt the same vahgeseawork configura-
tion than ﬂ’] who design a PI controlleP{oportional-Integra). This Pl is configured



as follow, the coefficients andb are fixed atl.822¢ — 5 and1.816e — 5 respectively,
the sampling frequency iB50Hz. The RED has been also tested using the parametric
configuration recommended iﬂ [7]. In figLﬂe 4, simulatiorsperformed under an ex-
ternal perturbation. This latter is composed of 7 additi@oarces (CBR applications
over UDP protocol) sending 1000 bytes packet length with d\iek/s throughput
betweent = 40s and¢ = 100s. The two DSF (see figurﬂ 4 for the DSF based on
the congestion window and the aggregate flow) regulaterftitsda others and are able
to reject the disturbance swiftly. Conversely, figﬂre 4 shike time response of the
gueue length with a simple state feedbdCkr @) as an AQM. One can note that the
queue is stabilized slightly above the desired level (ad®d pkts). Futhermore, the
non reponsive cross traffic affects the steady state. Theﬂaskummarizes the benefits
of the two K's r; AQMs (according to simulations with UDP cross traffics). €3aal
statistical characteristics are calculated during thelevbonulation, then only during
the UDP cross traffic and finally after the UDP cross trafficfedack to steady state).
These characteristics are mean, standard deviaidt) &nd the square of the variation
coefficient CV2 = (Std/mean)?). This latter calculation assess the relative disper-
sion of the queue length around its mean. The mean point$euwtdntrol precision
and the standard deviation shows the ability of the AQM tgkibe queue size close
to its equilibrium. In tableﬂl, we can observe thé§ r; (cwnd) maintains a very good
control on the buffer queue during the whole simulation. rEtloughK sr;(agg f1)

is slightly slower than the previous one, statistics (Std @v2) show again a good
regulation. Although PI reject the perturbation quite fastensive fluctuations appear
during the steady state. To conclude, the two DSF are effi¢gi&Ms which provide
the best precision and are able to regulate faster and ¢toger mean compared to oth-
ers AQMs. To complete our simulation, we propose anotheN®aulation between

Ksrr | Ksrr
AQMs | RED PI Ksr (cwnd) | (aggfl)
Mean | 235.7 | 176.7 | 263.9| 175.9 175.5
Sdt 112.40| 71.19| 78.59 | 54.57 63.64
CV2 0.227 | 0.162 | 0.088| 0.096 | 0.131

Mean | 270.3 | 178.3| 338.0| 173.4| 175.6
Sdt 57.39 | 4042 | 41.21| 35.08 | 28.32
CVv2 | 0.045 | 0.051| 0.014| 0.040 | 0.026
Mean | 201.4 | 177.8| 236.0| 176.2 | 174.8
Sdt 22.24 | 36.64 | 30.48| 30.22 | 32.64
Cv2 | 0.012 | 0.042 | 0.016| 0.029 | 0.034

> > >|| O| O| O|| ;| m| ™

Table 1: Statistical characteristics for different AQMsiis are pkts) at different peri-
ods (B, D and A: before, during and after CBR applications)

different AQMs: REM, AVQ, RED, PI, KSFI(cwnd) and KSFI(aggflWe consider
different levels of CBR cross traffics (13 sources, 1Mb). RREM, Pl and AVQ are
fixed to same values as iE|14], which is a performance arsabfsAQM under DoS
attacks. The additional sources are sending 1000 bytegplacigth with a 1Mbytes/s
throughput betweeh = 60s andt = 180s. The simulation is illustrated in the fig-
ure[§. In these last two cases, one can imagine that AQMs atmitett cross traffics
or traffic anomalies. MoreoveAQM = {Ksri(cwnd)s Ksriaggsy} Still have well
behaviours under cross traffic conditions.
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Figure 4: Time evolution of the queue length, AQM =
{RED, PI, Ksr, Kspi(cund), Ksri(aggsy} under UDP crossing traffic

5 Conclusion

In this preliminary work, we have proposed the design of arMA@r the congestion
control in communications networks. The developed AQM heertconstructed using
a dynamic state feedback control law. An integral actiontbeen added to reject the
steady state error in spite of disturbandg) (cross traffic). Finally, the AQM has been
validated using NS simulator. Future work consist in therowpment about control
laws (theoritical part) extended to a greater network usinigcentralized approach to
reduce the weakness of this method on one side and validati@mulation platform
(experimental part) on the other side.
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