Performance and Robustness Analysis of an H-infinity Based Flow Controller via Simulations and Real-Time Experiments^�

Hitay Özbay^† Taesam Kang^‡ Shivkumar Kalyanaraman^§ Altug̃ İftar^¶

February 10, 1999

Submitted to be included in an invited session on Control Methods for Communication Networks at the 1999 CDC.

Abstract

In a recent work the authors an H1 based flow controller was designed for explicit rate based congestion control in high speed networks. Time delay uncertainties were taken into account when controller was designed. This paper studies computes robustness margins, e.g. largest allowable time delay, as functions of a weighting parameter used in the definition of the H1 optimization problem. Another issue discussed here is “non-fragile” (this is a recently coined term which stands for internally robust) implementation of the H1 controller. Time domain performance is demonstrated via simulations. Real-time experimental results will be included in the full version of the paper.

Keywords: Communication networks, Flow control, H^∞ control, Time delay systems.

∗This work is supported in part by the National Science Foundation under grant numbers ANI-9806660, ANI-9809018, INT-9809903, by the Scientific and Technical Research Council of Turkey, and by the Korea Science and Engineering Foundation.

†Dept. of Electrical Eng., Ohio State University, Columbus, OH 43210, e-mail: ozbay@ee.eng.ohio-state.edu ‡Dept. of Electrical Eng., Ohio State University, Columbus, OH 43210; on leave from Hoseo University, School of Electrical Eng., San 29-1, Sechul-ri, Baebang-myun, Asan, Choongnam 336-795, S. Korea.

§Dept. of Electrical Computer and Systems Eng., Rensselaer Polytechnic Institute, Troy, NY 12180. ¶Dept. of Electrical and Electronics Eng., Anadolu University, Eskişehir 26470, Turkey.

Extended Summary

1 Previous Work

In a recent work of the authors an H^∞ based flow controller was designed for an explicit rate feedback based congestion control in high speed networks, [23]. The basic problem considered here involves a bottleneck node with n source connections as shown in Figure 1. The queue length at the bottleneck node is q(t) ≥ 0, and the flow rate assigned to the ith source by the feedback controller is r_i(t) ≥ 0. The maximum rate at which the ith source is able to send data is denoted by d_i, and it is called the demand of the ith source. The outgoing flow rate, c(t), is the channel capacity. There are time delays in the feedforward and feedback paths between the sources and the bottleneck node.

A simple linear time invariant model is assumed for H^∞ controller design. Given nominal values for time delays, and upper bounds on delay uncertainty, a robustly stabilizing controller is designed. The controller is also desired to track q_d(t) (reference queue length, which usually is a step-like function).

Figure 1: Flow Control Problem

The following dynamical model is considered for controller design:

q̇(t) = n∑ i=1 r_i(t − τ_i) − c(t) (1)

where τ_i is the return trip time delay between the ith source and the bottleneck node.

In order to maximize the utilization, and achieve fairness in steady state, the rates should satisfy lim_{t→∞} r_i(t) = c_∞/n, where c_∞ := lim_{t→∞} c(t).

The flow rates are restricted by 0 ≤ c(t) ≤ c^+, and 0 ≤ r_i(t) ≤ d_i, for all i = 1, . . . , n, for some upper bounds c^+ and d_1, . . . , d_n. The nonlinearities are ignored when H^∞ controller is designed, [23]. In this paper, they will be taken into account when the controller is modified, and the feedback system is simulated under different conditions.

The plant is a Multi Input Single Output (MISO) system whose transfer function is

P (s) = 1 s [D_1(s) , . . . , D_n(s)], where D_i(s) = e^{−τis} represents the time delay in the ith channel. Let h_i ≥ 0 be a given nominal value of τ_i, and define δ_i := (τ_i −h_i). Suppose that δ_i ∈ (−δ^+_i , δ^+_i ), where δ^+_i ≥ 0 is a known estimate of the uncertainty. The controller is a SIMO system with transfer function K(s) = [K_1(s) , . . . , K_n(s)]^T.

Following the basic arguments of [23] it can be shown that for good tracking of step-like functions and good stability margins, the controller can be chosen to be in the form

K(s) = D_e(s) 1 nh K_ν(s) (2)

where D_e(s) = [e^{−(h−h1)s}, . . . , e^{−(h−hn)s}]^T, h := max{h_1, . . . h_n}, (the term D_e(s) is equalizing the nominal time delays in communication channels), and the scalar part of the controller K_ν(s) is determined from an H^∞ optimization:

γ_{opt} := inf Kν stabilizing Pν ‖ ‖ ‖ [ W_1(1 + P_ν K_ν)^{−1} W_2P_ν K_ν(1 + P_ν K_ν)^{−1} ]‖ ‖ ‖ ∞ (3) with

P_ν (s) = e^{−hs} (hs) ,

W_1(s) =^1_{(hs)2} and W_2(s) = ρhs, where

ρ := 1 nh n∑ i=1 δ^+_i =: δ h is the relative delay uncertainty. The problem data in (3) is a function of the normalized frequency ŝ := hs, so is the optimal solution K_{ν,opt}.

Again in [23] it was observed that K_{ν,opt} can be computed by applying the results of [27]:

K_{ν,opt}(s) = R(ŝ) 1 + R(ŝ)^{e−ŝ}_ŝ ( 1 − γ^2_{opt}ŝ^4

γ^2_{opt}ŝ^4 ) (4)

where

R(ŝ) = γ_{opt} ρ ŝ^3(α − ŝ) (ŝ + a)(ŝ^2 + bŝ + c)(α + ŝ) .

The optimal cost γ_{opt}, and the other controller parameters a, b, c, α are calculated as follows: for a fixed γ > 0 let x be the unique positive root of

x^3 + 1 γ^2 x^2 − 1 ρ^4 = 0 and define

a = 1 ρ √ x , c = ρa , b = √ 2c − a^2 , α = 1 √ γ 1 − ρe^{1√γ} (^1√_γ + a)(^1_γ + b^1√_γ + c)

1 + ρe^{1√γ} (^1√_γ + a)(^1_γ + b^1√_γ + c)

then γ_{opt} is the largest γ which satisfies

1 + R(β) e^{−β} β = 0, with β = j 1 √ γ . A numerical example is given below for different values of the weighting parameter ρ.

ρ 0.2 0.8 2 10 γ_{opt} 1.37 2.43 3.74 8.77 −α 0.61 0.45 0.36 0.23 a 1.73 1.10 0.82 0.49 b 1.67 1.03 0.75 0.42 √ c 1.70 1.07 0.78 0.46

In the present paper following issues will be addressed.

• Stability margins will be examined for the above H^∞ controller for different values of the design parameter ρ. In particular largest allowable time delay (delay margin) will be determined as a function of ρ.

• The optimal controller expression (4) is quite “fragile” in the sense that there are unstable polezero cancellations internally in the controller: closed right half plane roots of (1 − γ^2_{opt}ŝ^4) cancel the roots of (1 + R(ŝ)^{e−ŝ}_ŝ ) at the same points. Since the denominator is a quasi-polynomial, (i.e. polynomials of s and e^{−hs}) direct pole zero cancellation based model reduction is not possible. A different form of the same controller will be derived. In its new form the controller can be implemented in a stable fashion.

• The controller will be modified to reduce the effects of nonlinearities, and its performance and robustness analysis will be done via simulations.

• In the full version of the paper experimental results will also be presented. Current efforts are concentrated on algorithmic implementation of the controller and experiment designs. The results will be compared to some benchmark examples.

Figure 2: Nyquist Plots.

2 Stability Margins

The optimal open loop gain

L_{opt}(s) = P_ν(s)K_{ν,opt}(s) = P_o(s)K_{opt}(s) = R(ŝ)^{e−ŝ}_ŝ 1 + R(ŝ)^{e−ŝ}_ŝ ( 1 − γ^2_{opt}ŝ^4 γ^2_{opt}ŝ^4 ) , (5)

is a function of the normalized frequency ŝ. This means that in the H^∞ optimal design setting considered here the bandwidth of the optimal system is inversely proportional to the time delay h. The Nyquist plots for L_{opt} are shown in Figure 2 for different values of ρ. Since the plant P_ν does not have any poles in the open right half plane, and since the controller stabilizes the feedback system by design, it can be deduced that the optimal controller is unstable for ρ ≤ 0.327. The smallest value of ρ that yields a stable optimal controller is calculated to be approximately 0.33. For such time delay systems it was shown that as ρ decreases the number of encirclements of the critical point (-1,0) increases, and in the limit for ρ = 0 we expect to have a controller with infinitely many unstable poles, [10, 19].

For good stability robustness (i.e. L_{opt}(jω) is far from the critical point) the design parameter ρ should be large. On the other hand, if ρ is too large, time domain performance may deteriorate (this will be demonstrated later when controller implementation and simulations are discussed). The minimum distance between (−1, 0) and L_{opt}(jω) is

η := inf_ω |1 + L_{opt}(jω)| = ( ‖(1 + P_oK_{opt})^{−1}‖_∞ )−1

The plot of ρ versus η is shown in Figure 3.

By the definition of two block problem (3) ‖ ρ γ_{opt}

K_{ν,opt}(1 + P_νK_{ν,opt})^{−1}‖ ≤ 1,

so a lower bound of the maximal allowable relative time delay uncertainty (h_{max} − h)/h is ρ/γ_{opt}. It is well known that, for a stable feedback system with open loop transfer function L_o(s), the delay

Figure 3: A Robustness Measure: η versus ρ.

Figure 4: Largest Allowable Time Delay Uncertainty.

margin (i.e. the largest h^′ > 0 for which the feedback system remains stable when the open loop transfer function is perturbed to e^{−h′s}L_o(s)) is given by h^′ = ϕ/ω_c, where ϕ is the phase margin in radians, and ω_c, in radians/sec., is the gain crossover frequency (i.e. |L_o(jω_c)| = 1) determined from the Bode or Nyquist plots of L_o(s). Hence the quantity (h_{max} − h)/h can be determined exactly from L_{opt}(jω); Figure 4 shows the lower bound and the exact value of the maximum allowable time delay uncertainty as a function of ρ.

3 Controller Implementation

The controller expression given by (4) cannot be implemented in a stable manner, because there are unstable pole-zero cancellations internally in the controller: some of the the unstable roots of (1 + R(ŝ)^{e−ŝ}_ŝ ) are canceled by the roots of (1 − γ^2_{opt}ŝ^4). But a simple algebra shows that the optimal

Figure 5: Impulse Response of F (ŝ).

controller (4) can be re-written as

K_{ν,opt} = γ_{opt} ρ (ŝ − α) ŝ 1 1 + F (ŝ) (6) where

F (ŝ) =

(ŝ + a)(ŝ^2 + bŝ + c)(ŝ + α) − (ŝ^4 − γ^{−2}_{opt}) (ŝ^4 − γ^{−2}_{opt}) − γ_{opt}ρ^{−1}ŝ^2(ŝ − α)e^{−ŝ} (ŝ^4 − γ^{−2}_{opt})

. (7)

The interpolation conditions from which controller parameters {γ_{opt}, α, a, b, c} are determined, [27], imply that F (ŝ) and e^{−ŝ}F (−ŝ) are stable. Therefore all of the four poles of F (ŝ) are canceled internally in (7). In terms of state space realizations of the two additive terms of (7), a realization of F (ŝ) can be given in the form F (ŝ) = C(e^{−ŝ}I − e^{−A})(ŝI − A)^{−1}B (8) where

A = 0 1 0 0 0 0 1 0 0 0 0 1 γ^{−2}_{opt} 0 0 0 B = 0 0 0 1 C = γ_{opt} ρ [ 0 0 α −1 ] .

The expression (8) demonstrates that the impulse response of F (ŝ) is restricted to the time interval [0 , 1]. A similar H^∞ controller structure was obtained in [21] for this type of delay systems. The impulse response of F (ŝ) is shown in Figure 5 for several different values of ρ.

Hence a “non-fragile” (internally robust) digital implementation of the controller (6) includes a PI term which is cascaded with a feedback block containing an FIR filter. The length of the FIR filter is h/T_s, where T_s is the sampling period. If h is large with respect to T_s then the order of the FIR filter, hence the order of the controller is large. In the context of control of ATM networks, fragility and robustness issues were discussed in [6].

Figure 6: Source Connection Times and Demands, and Resulting Queue Size.

4 Simulation Studies

The controller (6) is derived from H^∞ optimization, so nonlinearities in the actual system are not taken into account. Recall that the maximal data rate (demand) for the ith source is d_i, and in steady state the controller assigns equal rates, c_∞/n, to different sources. If the assigned rate is higher than d_i for the ith source, then the rate command for this particular source should be saturated at d_i. Suppose that (d_1(t) + . . . + d_n(t)) ≥ c(t) for all t, i.e. total demand is higher than the capacity of the bottleneck link. In this case, although some sources may be saturated, by distributing the remaining total rate allocation to sources with higher demands, overall operation can be kept at the linear range. Another key assumption made in the controller design is that the number of active sources, n, and corresponding d_i’s are known. This is a reasonable assumption in the sense that when sources sign-in and sign-off from the network this type of information is made available to the flow controller. Accordingly, in the simulink based implementations, modifications are made on the basic linear controller (6) to include logical blocks to perform saturation checks, rate allocations to different sources, time delay equalization units, and a counter for the number of active sources.

In order to reduce the effect of the saturation type of nonlinerity in the queue size, the integrator in (6) is implemented with an anti-windup logic. In the simulink based implementation used for time domain results to be presented here, the integration, at the PI term of the controller, is stopped if all sources become saturated, and then the integrator is reset to zero when at least one of the sources becomes unsaturated; that prevents excessive overshoot in the queue size.

The benchmark example selected for simulations is from [5], where five different sources are sending data through a bottleneck node at different time instants with different demands. Considering Table II of [5] the roundtrip delays for sources 1, 2, 3, 4, and 5 are taken to be 0, 0, 20τ_s, 40τ_s, and 60τ_s, respectively, where τ_s is the transmission time of a single packet. Thus, the maximum roundtrip delay is h := 60τ_s. The computational time delays are neglected. Following the example given in [5] the queue clearing rate is chosen as c(t) = 60 packets per h unit of time, and desired queue is taken to be q_d = 30 packets. Figure 6 shows a comparison of the response corresponding to the controller proposed here (for ρ = 2) with the benchmark response given in [5]. The benchmark controller in [5] updates its output once every h units of time, whereas in the simulations performed for the controller developed here the controller output is updated 20 times per h units of time, i.e. T_s = h/20.

Figure 7: Step Responses.

The step response (q(t) versus t) is obtained by choosing a sufficiently large fixed value for the total demand. For example, if the simulation, shown in Figure 6, is stopped at time instant 30h, then it simply gives the response to demands of first and third sources (total demand here is (36 + 36) > 60 = c(t), and because of delay equalization for all five sources, the total time delay is still h = 60τ_s). For different values of ρ, the step response is as shown in Figure 7. Note that larger the value of ρ, slower the step response. The basic trade-off in selection of ρ is now clear: if ρ is too large the response is slow, but if it is too small the stability robustness margin is small. By looking at the step responses and the delay margin plots it is determined that ρ = 2 is a reasonably good choice.

Figure 8 shows the step responses corresponding to the cases where the controller uses h as the time delay, but actual time delay is different, say τ. It can be seen that the system enters into a limit cycle when actual time delay is τ = 2h i.e. it is 100% more than the value of the time delay used in the controller. This not surprising since for the value of ρ = 2.0 Figure 4 shows that the largest allowable time delay uncertainty is about 70%, i.e. the system can tolerate τ = 1.7h but τ = 2h leads to instability.

The step response corresponding to a time-varying delay uncertainty is shown in Figure 9. In this case all five sources are made active (the number of active sources detected by the controller as a function of time is also shown in the figure), and additive delay perturbations in the form h(0.5 + sin(^{2π}_{10h} t)) are injected to channels 4 and 5 (in these channels nominal time delays are^2_3 h and h, respectively). The additive delay perturbations in channels 4 and 5 take values between −0.5h and 1.5h, with and average of 0.5h. Note that the nominal delay in other channels are less than 0.5h, to avoid negative time delays (non-causal situations) the time delay perturbations are not introduced in the first three channels.

The effect of variations in c(t) is demonstrated in Figure 11, where q_d(t) = 30 packets is fixed and c(t) is taken to be a time varying function shown in the Figure 10. It is observed that fast sinusoidal variations in c(t) lead to relatively small variations in q(t). The effects of sudden “step-like” changes are more significant, but they are transient.

Figure 8: Step Response with Uncertain Delays, ρ = 2.0.

Figure 9: Step Response with Time Varying Delays, ρ = 2.0.

Figure 10: Variations in c(t).

Figure 11: Response with Non-Constant c(t), ρ = 2.0.

5 Conclusions

Robustness issues related to the implementation of the H^∞ controller designed in [23] are discussed here. It is shown that the optimal controller can be implemented in an internally robust (non-fragile) fashion: in the form of a PI term cascaded with a feedback term involving a FIR filter. This controller robustly stabilizes the feedback system in the presence of delay uncertainties. Largest allowable time delays, and other stability robustness measures are illustrated. Minor nonlinear modifications are made in the simulink based realization of the controller. Simulations show that the design framework considered here allows fluctuations in the capacity c(t), as well as in the time delays. In the full version of the paper real-time experimental results will also be presented: currently the controller is being implemented on a physical ATM switch.

References

[1] ATM Forum Traffic Management AF-TM-0056.000, “The ATM Forum Traffic Management Specification Version 4.0,” April 1996.

[2] Altman, E., and T. Başar, “Multi-user rate-based flow control: Distributed game-theoretic algorithms,” Proc. of 36th Conference on Decision and Control, San Diego CA, December 1997, pp. 2916–2921.

[3] Altman, E., T. Başar, and R. Srikant, “Multi-user rate-based flow control with action delays:

a team-theoretic approach,” Proc. of 36th Conference on Decision and Control, San Diego CA, December 1997, pp. 2387–2392.

[4] Awduche, D.O., J. Malcolm, J. Agogbua, M. O’Dell, and J. McManus, “Requirements for traffic engineering over MPLS,” IETF Internet Draft, draft-awaduche-mpls-traffic-eng-00.txt, April 1998.

[5] Benmohamed, L., and S. M. Meerkov, “Feedback control of congestion in packet switching networks: the case of a single congested node,” IEEE/ACM Trans. on Networking, vol. 1 (1993), pp. 693–707.

[6] , Blanchini, F., R. Lo Cigno, R. Tempo, “Control of ATM networks: Fragility and robustness issues,” Proceedings of the American Control Conference, Philadelphia PA,June 1998, pp. 2847– 2851.

[7] Bonomi, F., and K. W. Fendick, “The rate-based flow control framework for the available bit rate ATM service,” IEEE Network, March/April 1995, pp. 25–39.

[8] Callon, R., et al., “A framework for multiprotocol label switching,” IETF Internet Draft, draftietf-mpls-framework-02.txt, November 1997.

[9] Doyle, J., B. Francis and A. Tannenbaum, Feedback Control Theory, McMillan, New York, NY, 1992.

[10] Flamm, D. S., and S. K. Mitter, “H^∞ sensitivity minimization for delay systems,” Systems & Control Letters, vol. 9 (1987), pp. 17–24.

[11] Foias, C., H. Özbay, A. Tannenbaum, Robust Control of Infinite Dimensional Systems: Frequency Domain Methods, LNCIS, No. 209, Springer-Verlag, 1996.

[12] Jacobson, V., “Congestion avoidance and control,” Proceedings of SIGCOMM ’88, Palo Alto, CA, August 1988.

[13] Jaffe, J., “Bottleneck flow control,” IEEE Trans. on Communications, vol. 29 (1981), pp. 954–962.

[14] Jain, R., “Congestion control and traffic management in ATM networks: recent advances and a survey,” Computer Networks and ISDN Systems, vol. 28 (1996), pp. 1723–1738.

[15] Kalyanaraman, S., R. Jain, R. Goyal, S. Fahmy, and R. Viswanathan, “The ERICA scheme for traffic management in ATM networks” submitted for publication in IEEE Transactions on Networking, 1997.

[16] Kalyanaraman, S., Traffic Management for the Available Bit Rate (ABR) Service in Asynchronous Transfer Mode (ATM) Networks, Ph.D. Thesis, Dept. of Computer and Info. Sci., Ohio State Univ., 1997.

[17] Kojima A., K. Uchida, and E. Shimemura, “Robust stabilization of uncertain time delay systems via combined internal-external approach,” IEEE Transactions on Automatic Control, vol. 38 (1993), pp. 373–378.

[18] Kolarov, A., G. Ramamurthy, “A control theoretic approach to the design of closed loop rate based control for high speed ATM networks,” Proc. of IEEE INFOCOM ’97, Kobe, Japan, April 1997.

[19] Lenz, K., “Properties of optimal weighted sensitivity designs,” IEEE Transactions on Automatic Control, vol. 40 (1995), pp. 298–301.

[20] Mascolo, S., D. Cavendish, and M. Gerla, “ATM rate based congestion control using a Smith predictor: an EPRCA implementation,” Proc. of IEEE INFOCOM ’96, San Francisco CA, March 1996, vol. 5, pp. 569–576.

[21] Meinsma, G., and H. Zwart, “On H_∞ control for dead-time systems,” submitted for publication in IEEE Transactions on Automatic Control, 1998.

[22] Niculescu, S-I., J. M. Dion, L. Dugard, “Robust stabilization for uncertain time delay systems containing saturating actuators,” IEEE Transactions on Automatic Control, vol. 41 (1996), pp. 742– 746.

[23] Özbay, H., S. Kalyanaraman, A. İftar, “On rate-based congestion control in high-speed networks:

Design of an H^∞ based flow controller for single bottleneck,” Proceedings of the American Control Conference, Philadelphia PA, June 1998, pp. 2376–2380.

[24] Parekh, A. K., and R. G. Gallager, “A generalized processor sharing approach to flow control in integrated services networks: the multiple node case,” IEEE/ACM Trans. on Networking, vol. 2 (1994), pp. 137–150.

[25] Rohrs, C. E., and R. A. Berry, “A linear control approach to explicit rate feedback in ATM networks,” Proc. of INFOCOM ’97, Kobe Japan, 1997, pp. 277–282.

[26] Stepan, G., Retarded dynamical systems: stability and characteristic functions, Longman Scientific & Technical, Wiley, New York, 1989.

[27] Toker, O., and H. Özbay, “H^∞ Optimal and suboptimal controllers for infinite dimensional SISO plants,” IEEE Transactions on Automatic Control, vol. 40 (1995), pp. 751–755.

[28] Zhao, Y., S.Q. Li, and S. Sigarto, “A linear dynamic model for design of stable explicit-rate ABR control schemes,” Proc. of INFOCOM ’97, Kobe Japan, 1997, pp. 283–292.

[29] Zhou, K., Doyle, J.C., Glover, K., Robust and Optimal Control, Prentice-Hall, 1996.