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Abstract

This paper presents the LQ-Servo control with observer for TCP/AQM system considering
an input time-delay. This controller structure is made by taking a traditional servo
mechanism based on Linear Quadratic approach and by augmenting a new state variable to
the feed forward loop. In order to estimate the state of TCP window packet size, the control
structure is extended with observer based on Kalman filter.
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1. Introduction

Computer networks have been explosively increased, and have confronted severe
congestion collapse problems according to growth of packets. In resent year, Misra et al.
[1] developed a methodology to model and obtain expected transient behavior of
networks with Active Queue Management Routers supporting TCP flows. Hollot et al.
approximated its linearized model [2] using small-signal linearization about an
operating point to gain insight for the purpose of feedback control, and designed the Pl
controller [3] based on the linear control theory. Aweya et al. [4] and Ren et al. [5] have
used fundamental control theories to analyze and develop for AQM. Its main
contribution is to convert the congestion control algorithm into the controller design
problem within the framework of control theory in AQM system.

More recently, Yang and Suh [6] proposed the robust PID controller based on LQ
approach for AQM system based on LQ-PID tuning method [7]. The robust AQM
controllers have developed by the optimal control theory based on the Linear Matrix
Inequalities (LMI) [8] and the robust x -analysis technique [9] for the stability and
performance issues in AQM. And, Azume et al. [10] presented the congestion controller
using Linear Quadratic with observer. And also, Yang et al. [11, 12] developed the LQ-
Servo controller based on Loop-Shaping Method [13]. It was not completely measured
the TCP window packet size of AQM systems.
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For considering this one, this paper proposed an improved version of previous work
[11] and [12] in order to estimate the TCP window packets of AQM system. In order to
estimate the TCP window packet size, we propose the LQ-Servo control with observer
based on Kalman filter in this paper.

2. Linear Model of TCP/AQM System

A non-linear dynamic model for TCP flow control is developed using fluid-flow and
stochastic differential equations in [1]. For the control theoretical analysis, it was
approximated as a linearized constant model by small-signal linearization about an
operating point (w,,q,, p,), See [2] for linearization details, which is as following:
2N R,C?
RIC 2N?
where SW(t) =W —W,, &(t) =q—0, , () = p— py, W (t) denotes the time-derivative of W(t),
q(t) denotes the time-derivative of q(t), W = Expected TCP window size (packets), q=
Expected queue length (packets, R, = Round-trip time (seconds), C = Link capacity
(packets/second), N = Load factor (number of TCP sessions), p= Probability of packet
mark/drop, and t= Time. The expected queue length qand the expected TCP window size

W are positive value and bounded quantities. And also, the probability of packet mark (drop)
p takes value only in0< p<1.

AW (t) = ——=— W (t) -

B(t-Ro), &i(t) =Rﬁévv<t)—Rio”q(t) (1)
0 0

The transfer function of TCP/AQM maodel indicates as following:

C2
P(S) = Ptcp (S) Pqueue(s)e_SR(J = 2N2N 1 e_SRO (2)
(s+—)(s+-)

where P, (s) denotes the transfer function from loss probability dp(t) to window size oW (t),
Pyueue(s) denotes the transfer function from 6w (t) to queue length &(t) .

For the augmented state space model, see [11] for the augmented state space model details,
let the state variable x(t) of Eq. (1) be defined as:

T
0= v,0 2,0 =p® z,0] :[awa) a0 [ e dr} 3)

and Eq. (2) can be represented with state-space model:
X(t) = AX(t) + Bu(t—R,) , y(t) =Cx(t) “4)
where y(t)=&(t) is an output variable, u(t—R,)=&(t—R,)is a input-time-delayed control

variable, x,(t) = [xr (t) yp(t)]T. And the system matrix, input matrix and output matrix of (4)
can be expressed as following:

A, 0 B
A:{Cp o},B{()"},C:[cp 0. (5)
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2N 5
- R,C
R5C SAA b
where, A, = NO 1 Bp=|" HN2 ,Cp:[O 1].
- = 0
R0 R0

3. LQ-Servo Controller

This section presents the LQ-Servo control for TCP/AQM based on Linear Quadratic
approach and the extended structure with observer based on Kalman filter

3.1. LQ-Servo Structure

Without loss of generality, the optimal servo problem based on Linear Quadratic
approach, that is called LQ-Servo, is to find the optimal control law u(t) by minimizing
the cost functions

3= [ 670 Q- x0+u- p-u)et ®)

where a weighting matrix Q is symmetric and positive semi-definite, and a weighting factor
p is positive value.

Then, we use the general control law for regulating
u(t) =-G x(t) (7

where G=—p'B"K and K =K' is a solution matrix of the algebraic Riccatti’s equation:

KA+ATK+Q—%KB B'K =0 (8)

Suppose the gain matrix G is decomposed intoG =|g, g, g, ], the optimal control input
of (7) can be expressed by the augmented state-variable x(t) as following:

u(t):_grxr(t)_gyyp(t)_gzzp(t) 9)

Therefore, the LQ-Servo structure of TCP/AQM is shown in Figure 1 to ensure that zero
steady state error is robustly achieved in response to a constant reference commands

TCP/AQM d (S)

X(s) HIENITC

(st -A))™"

LQ-Servo Controller

Figure 1. LQ-Servo Control Structure for TCP/AQM

The LQR (Linear Quadratic Regulator) is able to guarantee the stability robustness, but it
is hard to deal with the performance issues because it does not consist of an output feedback.
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For this problem, the LQ-Servo structure with an output feedback in TCP/AQM system is
developed by the augmented state variable description in this paper.

In this paper, the TCP/AQM systems have the input-time delay such as Eq. (4), then, we
extend the optimal input for considering time-delay as following:

u(t) = —GeACteA(RO*t)x(t), 0<t<R, (10)

u(t) = -Ge™*Rox(t), t> R, (11)

where Eq.(10) and Eq.(11) are proved in the previous research paper[11][13].

3.2. LQ-Servo Structure with Kalman Filter

The state variable W of TCP windows packet size can’t be measured exactly on router
itself. Thus we propose the LQ-Servo control with observer based on Kalman filter in order to
estimate the state variable of TCP windows packet size. The proposed control structure is
shown in Figure 2.

w‘(t) TCP/AQM v(t)

+ 5p(t) =y, (1)
—

LQ-Servo Controller

Figure 2. LQ-Servo Control Structure with Kalman Filter for TCP/AQM
The state x(t)is estimated by using the following observer:

%, (1) = A%, (8) + Bou(t — Ry) — Ly (¥, (1)) —Cp %, (1) (12)

where L,is an observer gain. And, considering an estimated error statee, (t) = x, (t) - X, (t),
the error system is indicated as following:

€, (1) =X, (1) = %, ()= A (X, (1) = R, (1) + L,.C (X, (1) = %, ()= (A, +L,Cp)e, (1) (13)
If (C,,A,)is observable, then the observer gain L is determined as a synthesis problems

of a Kalman filter in case of considering a white noise. Therefore, the general augment state
space description of TCP/AQM system and error dynamics can be expressed as following:
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X(t) = AX(t) + Bu(t — Rg) — L,C e, (1), &,(t) = (A, +L,Cp)e, (t) (14)

Remark 1. In this paper, the observer gain L,is determined as synthesis problems of

a Kalman filter by MATLAB, the selection procedure of weighting factor Q is

determined by Loop-Shaping method [12] in order to satisfy the frequency domain
design specifications such as good disturbance rejection, command following and noise
attenuation. The optimal control input Eq. (10) and Eq. (11) for considering input time-
delay are obtained from optimal gain G=|g, g, g,]which is achieved by Riccatti’s

equation (8).

4. Conclusion

This paper proposes the LQ-Servo control with observer for TCP/AQM system
considering an input time-delay. This controller structure is made by taking a traditional servo
mechanism based on Linear Quadratic approach and by augmenting a new state variable to
the feed forward loop. In order to estimate the state of TCP window packet size, we extend
the control structure with observer based on Kalman filter. In order to meet such the
frequency domain design specifications such as good disturbance rejection, command
following and noise attenuation, the new loop shaping method is developed by shifting all
zeros to a larger pole of TCP/AQM model to determine the design parameters.

References

[1] V. Misra, W.-B. Gong and D. Towsley, “Fluid-based analysis of a nerwork of AQM routers supporting TCP
flows with an application to RED”, in Proc. ACM SIGCOMM, (2000), pp. 151-160.

[2] C. V. Hollot, V. Misra, D. Towsley and W. B. Gong, “A control theoritic analysis of RED”, in Proc. IEEE
INFOCOM, (2001).

[3] C. V. Hollot, V. Misra, D. Towsley and W. B. Gong, “Analysis and Design of Controller for AQM Routers
Supporting TCP Flows”, IEEE Transcations on Automatic Control, 47(6), pp. 945-959 (2002).

[4] J. Aweya, M. Ouellette and D. Y. Monyuno, “A control theoretic approach to active queue management”,
Computer networks, 36(2-3), pp. 203-235 (2001).

[5] F. Ren, C. Lin, X. Ying, X. Shan and F. Wang, “A robust active queue management algorithm based on
sliding mode variable structure control”, proc. IEEE/INFOCOM, (2002).

[6] J. H. Yang and B. S. Suh, “Robust PID Controller for AQM based on Linear Quadratic Approach”, IAENG
International Conference on Communication Systems and Applications, (2008) March 19-21; Hong Kong, pp.
1083-1087.

[71 B. S. Suh andJ. H. Yang, “ATuning of PID Regulators via LQR Approach”, Journal of Chemical
Engineering of Japan, VVol. 38, No. 5, pp. 344-356, (2005).

[8] M. M. A. E. Lima, N. L. Fonseca and J. C. Geromel, “An Optimal Active Queue Managemnet Controller”,
IEEE Communications Society, (2005), pp. 2261-2266.

[91 Q. Chen and O. W. W. Yang, “On Designing Traffic Controller for AQM Routers Based on Robust u-
Analysis”, IEEE Globecom, (2005) , pp. 857-861.

[10] T. Azuma, T. Fujita and M. Fujita, “Congestion Control for TCP/AQM Networks ussing State Predictive
Control”, Electrical Engineering in Japan. VVol. 156, No. 3, pp. 41-47 (2006).

[11] J. H. Yang, S. J. Shin, D. K. Lim and J. J. Kang, “Congestion Control for Time-Delayed TCP/AQM System
using Loop-ShapingMethod”, Journal INFORMATION, Vol. 15, No.3, pp. 1013-1030 (2012).

[12] J. H. Yang, S. J. Shin, D. K. Lim and J. J. Kang, “Robust Congestion Control Design for Input
Time”, 1SA2011, (2011) August 15-17; Brno, Czech Republic, pp. 349-358.

[13] J. H. Yang and B. S. Suh, “A New Loop-Shaping Procedure for the Tuning LQ-PID Regulator”, Journal of
Chemical Engineering of Japan, Vol. 40, No. 7, pp. 575-589 (2007).

489



International Journal of Multimedia and Ubiquitous Engineering
Vol. 7, No. 2, April, 2012

Authors

Ji-Hoon Yang

He received the PhD degree in Electrical Engineering from Hanyang
University in 2010, Republic of Korea. Currently, He is a Postdoctoral
Researcher at Centro de Electronica Industrial, Universidad Politecnica
de Madrid in Spain. Also, He current research interests are wireless
sensor networks, embedded mobile systems and congestion control for
Networks.

Dong-Kyun Lim

He received the PhD degree in Electronic Communication from
Hanyang University in 2002, Republic of Korea. Currently, he is a
professor at Department of Computer Science, Hangyang Cyber
University. Also, He current research interests are computer education
and microprocessor.

Jeong-Bae Lee

He received the PhD degree in Electronic Engineering from
Hanyang University in 1995, Republic of Korea. Currently, he is a
i B professor at Department of Computer Engineering, Summoon University.
Also, He current research interests are computer engineering and
Embedded Systems.

Seung-Jung Shin

He received the PhD degree from Kookmin University in 2000,
Republic of Korea. Currently, he is a professor at Department of, Hansei
University. Also, He current research interests are security, computer
education and privacy. (Corresponding author of this paper)

490



