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Abstract

This thesis presents adaptive control techniques for the prevention of end-to-end traffic
congestion in the Internet. Instead of using heuristics to solve the congestion problem, we have
systematically applied the classical control theory in our controller design in order to always
guarantee the stability of the Internet control systems, and instead of using time-domain
approaches, we have employed the frequency domain techniques in our control design.

To support AQM(Active Queue Management) in the router, we have designed the adaptive
P (Proportional) and the adaptive PI (Proportional-Integral) window-based router controllers for
the TCP (Transmission Control Protocol) traffic. Our adaptive controllers self-tune only when
significant changes in network parameters have caused the phase margin or the gain margin of
the AQM control system to drift outside a specified interval.

Using the same control theoretical framework, we have provided different controllers to
support best-effort streaming media traffic under different network models that we want to study.
We first design an adaptive PI rate-based controller in a typical network with SISO (Single-Input
Single-Output) IP (Internet Protocol) routers. We then employ the DNA (Direct Nyquist Array)
method to design an adaptive multi-loop PI rate-based controller under a network with MIMO
(Multiple-Input Multiple-Output) IP routers.

In addition to window-based and rate-based router control algorithms, we finally design an
adaptive utility-based source controller based on pole-placement technique that can provide a

relatively smooth source transmission rate.
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Chapter 1  Introduction

The end-to-end congestion control has become an increasingly important problem in the
robustness of the Internet due to ever-growing network bandwidth and intensive network
applications e.g. [FIFa99]. In order to make maximum use of network resources, Internet may
want to deliver packets at its maximum capacity. Unfortunately, without the feedback control
mechanism applied, this usually results in congestion, leading to undesirable low throughput,
excessive delays of packet delivery, and even possible network collapse. Thus, congestion
control plays an important role in the effective and stable operation of Internet. The objectives of
the congestion control are to regulate the source transmission rates based on the network
congestion information and to prevent the network from the congestion. It is important for the
effective and stable operation of Internet.

During the infancy of Internet, TCP/IP (Transmission Control Protocol/Internet Protocol)
protocol as a congestion control is adequate for simple applications like non-real-time file
transfer. However, as the Internet grows to support diverse applications like E-mail and
multimedia communication, more stringent requirements have arisen in order to guarantee the
network performance. In general, the flow control protocol in the TCP/IP suite is an end-to-end
window-based protocol. The source transmission rate (via the window size) is halved whenever a
packet is dropped in an overflowed router buffer. This leads to undesirable queuing delays and

packet loss rates at congested links.

1.1 Literature Review

There are two general classification methods for the existing work done on Internet traffic

control so far:

1) a bandwidth-allocation classification according to whether the control algorithm is rate-
based or window-based.

2) a location-based classification according to whether the control algorithm is located in the
router or in the source node [MaSe97].

We shall first use the first criteria for classification while using the second to sub-classify further

in order to expose the shortcomings, deficiencies or further improvement to be desired in the

existing work.



1.1.1 Window-based Control

In window-based control, a source is given a maximum number of credits (i.e., the window size)
to transmit its packets. Once the credits are exhausted, the source has to withhold its transmission
until acknowledgments are returned [Stal03]. All the window-based control methods can be
either router-based or source-based, or a combination.

Source-based control attempts to control the packet transmission rate in each source based
on the current network congestion situation. This is the basis of the popular flow control protocol
in the original TCP/IP suite. Using an end-to-end window-based protocol, the source
transmission rate (via the window size) is halved whenever a packet is dropped in an overflowed
router buffer. This leads to undesirable queuing delays and packet loss rates at congested links.
This type of flow control mechanism is called the AIMD (Additive-Increase Multiplicative-
Decrease) [Jaco88]. It is very effective in the conventional IP networks where the propagation
delays are short compared to the source transmission rates. However, under the network
environment with long round trip delays and dynamically changing available bandwidth, the
AIMD control mechanism becomes inefficient and often produces severe sending rate
fluctuation in the sources and oscillation of queuing sizes in the routers [KaHa02, LoPa02]. Such
fluctuation may greatly degrade the network performance, which makes AIMD control
unsuitable for streaming media transmission [HuXu03, HaF103].

Since it is unreasonable to exclusively rely on sources to perform end-to-end congestion
control (i.e., AIMD source control), the IETF (Internet Engineering Task Force) has proposed
the deployment of a class of router-based control algorithms [BrCl98] to improve the
performance of TCP congestion control.

Called the AQM (Active Queue Management) mechanisms, this type of router-based control
uses congestion avoidance to participate in the network traffic control. Unlike the drop-tail
method expected in the original TCP protocol, random-drop is proposed for managing the queue
length in an outbound buffer. Packets are dropped whenever congestion is anticipated, instead of
waiting until the queue is full. The router adjusts packet drop/marking probability directly, thus
regulating the source transmission rate indirectly.

As a first generation of window-based AQM, ERD (Early Random Drop) [Hash89] is
proposed to be a congestion recovery mechanism. When the queue length exceeds a threshold,

packets are dropped with a fixed probability. Simulations in [Zhan89] show that ERD cannot



accommodate bursty traffic nor it can provide protection from misbehaving flows. To avoid the
shortcoming of ERD, RED (Random Early Detection) [F1Ja93] attempts to drop packets with a
probability that may vary according to the average queue size, whenever the average queue size
exceeds a preset threshold. However, it has been found that it is very difficult to tune RED
parameters in order to perform well under different traffic conditions. One common problem is
the severe queue fluctuation. Furthermore, the flow throughput of RED is sensitive to the traffic
load and the parameter setting; the throughput will decrease dramatically when the average
queue size is larger than the maximum queue threshold [MaB099, FIGu01].

There has been a lot of research effort in window-based router control to improve AQM
performance over RED. For example, BLUE [FeSh02] is a self-configuring (adaptive) AQM
mechanism, which uses the packet loss and the link under-utilization events to adjust the rate of
congestion notification. REM (Random Exponential Marking) [AtLiO1] attempts to stabilize
both the input rate around the link capacity and the queue around a small target at the steady
state, regardless of the number of users sharing the link. AVQ (Adaptive Virtual Queue) scheme
[KuSr04] tries to maintain the small queue size even during high congestion, and adopts the
token bucket algorithm to limits the virtual queue capacity to be less than the actual link
capacity. Other AQM algorithms such as FRED [LiMo097], SRED [OtLa99], DRED [OtLa99],
CHOKe [PaPr99] and ARED [FIGu01] also try to adjust the packet drop probability to prevent
network congestion. All of the above have succeeded to alleviate the RED performance problem
but to certain extent only. From the control theory point of view, RED, BLUE and other AQM
algorithms mentioned above are considered to be an on-off control strategy. It is well known
from control theory that such an on-off mechanism can often lead to oscillations (limit-cycles)
and exhibit complex and chaotic behavior [AsGo95]. Such oscillation may deteriorate which in
turn degrade the network performance [HoMi02]. As an additional point, most of these protocols
are heuristics without strong theoretical backing. Therefore, they cannot reveal the underlying
relationship among the network and control parameters that can required to give a good (or poor)
network performance in a more stringent environment (e.g., great changes in network traffic).

Strictly speaking, source control and router control usually co-exist in the network traffic
control in order to maximize the utilization of the network resources. For example, the AIMD

control [Jaco88] and the RED [F1Ja93] cooperate to control Internet traffic control in to certain



extent. Nevertheless, one can see from the discussion above that they all have much

improvement to be desired of their performance.

1.1.2 Rate-based Control

Unlike the window-based control mechanism, rate-based control allows an end system to adjust
its sending rate to support best-effort service traffic and to make the maximum use of network
resources. Thus it offers the most effective solution under a network environment with long
round trip delays and dynamical changes in available bandwidth where the AIMD control
performs poorly in terms of sending rate fluctuation and queue oscillation (Ref. Section 1.1.1).
Originally proposed for ATM networks e.g., [ZhYa97, BICi02, CaGe04], this approach is very
desirable in achieving a high QoS (Quality of Service) for streaming media transmission in the
Internet [HuXu03, HaF103]. Similar to the window-based control, the algorithms can also be sub-
classified as either router-based or source-based.

In the router-based control, the rate-based method also uses AQM to allow the router to
participate in the network traffic control. Basically, the router calculates the advertised source
transmission rate directly and converts it into the advertised source window size, thus regulating
the source transmission rate “directly” [GeLo02, KaHa02, HoYa05b]. A rate-based router
control scheme was presented for transparently augmenting the end-to-end TCP performance by
controlling the sending rate of a source in [KaKa00]. By controlling the sending rate of a source,
the rate-based method of [KaKa00] is capable to augment the end-to-end TCP performance.
Another rate-based router control scheme used the mismatch between measured incoming TCP
traffic rates and available service rate to calculate the effective window size [AwQOu02]. A two-
state adaptive rate-based router control mechanism was proposed for streaming media in
[HuXu03].

Rate-based router controller not only achieves fair allocation of network bandwidth and high
utilization of network resource, but is also shown [GeL002] to provide relatively smooth source
transmission rates. However, this performance improvement does not come for free. First, an IP
router must calculate a desirable advertised source transmission rate for each packet. Secondly,
in a high-speed network with long propagation delays, IP routers must have huge buffer sizes
(e.g., to accommodate the number of packets equivalent to at least the round-trip delay-
bandwidth product for a PI rate-based router controller) so that the sources have enough time to

regulate their transmission rates to avoid excessive buffer overflow [GeWe00]. Finally, like their



counter parts in window-based control, most of these methods are heuristics without theoretical
backing of their performance claim.

Rate-based control can also be source-based. Some methods have been proposed recently for
AQM in IP router supporting best effort service traffic (e.g. streaming media such as audio and
video over IP). For example, TFRC (TCP-Friendly Rate Control) proposal was presented for
equation-based congestion control for unicast traffic in [FIHa00, HaF103]. RAP (Rate Adaptation
Protocol) employed an improved AIMD source control scheme for real-time stream transmission
[ReHa99].

The utility-based control [KeMa98, JiWe04, HoYa05a] is a variation of the rate-based
source control method that has emerged recently. The source in the IP networks adjusts its
transmission rate based on the feedback network congestion information and its own utility
function, which is called utility-based control. Utility function is applied in the controller design
in order to make the optimal use of the network resources [KeMa98]. A framework model is
used to analyze the stability and fairness of the rate control algorithm, and a primal algorithm is
provided to adjust the users’ sending rates to converge at an equilibrium state. An optimal
solution to the resource allocation problem is then obtained under the assumption that there are
no communication delays between the end users. Unfortunately, there always exists the
communication delay over the physical channel especially in high-speed networks. In particular,
the propagation delay may have an adverse impact on network performance due to the dramatic
queuing fluctuation in the bottleneck. Such queuing oscillation may cause data flow fluctuation

and reduce the bandwidth utilization of the network.

1.1.3 Control theory and Adaptive Algorithms

Control theory has found applications in many branches of engineering. For example, the PID
(Proportional-Integral-Derivative) controllers have found wide acceptance and application in the
process industries, e.g., [AsHa92, AsHa95, HoHo03]. Since the PID controller is not necessarily
optimal, it is estimated that present sophisticated controllers would not have more economic
effect in 80% of control loops [Bris86]. In view of the fact that PI controllers are becoming
widely used for industrial process control e.g. [FuWa98, HoHo03], and will continue to be so,
any new insights that lead to the effective use of this class of controllers will certainly bring
about much benefit. Many sophisticated theories have evolved over the years. For example, the

DNA (Direct Nyquist Array) design method has been presented for MIMO (Multiple-Input



Multiple Output) control system [Rose70], and the corresponding DNA Stability Theorem
[Maci89] finds its application in the industrial process control [Desh89] by shaping a band of
circles (called the Gershgorin band). However, their shaping is only done by trial and error
manually [Maci89].

Classical control theory first found its application in computer networking in the 90's such as
the traffic control for ATM networks, e.g., [ZhYa97]. Much AQM research work for the Internet
traffic has followed after. Of all the existing work on traffic controller, they can be classified as
whether
1) they use time-domain method as opposed to the frequency-domain method;

2) they use an adaptive control method as opposed to a fixed control method.

Time-domain analysis can be found in most of the early traffic-control works are time-
based, e.g., [ZhYa97, BICi02] and there are some recently, e.g., [ZhCo03, CaGe04]. A rate-
based router control method is presented in co-operation with the RED scheme to control best-
effort traffic in an environment of packet loss and varying round-trip delays [ZhCo03]. A PI rate-
based source controller is designed for the realization of best-effort service traffic using Jury’s
stability test criterion in [HoYa03]. Time-based method may be easy for direct implementation
but has inherent shortcomings of not able to provide a direct relationship between the controller
parameters and system variables, thus not able to facilitate the implementation of real-time
algorithm as discussed later. Therefore, much of the latest work appears to focus on the
frequency domain method.

Frequency domain method allows one to understand the control system behavior better. For
example, a PI window-based router control is designed for the TCP traffic based on pole
placement [ChYa04]. The closed-loop pole locations can determine the stability of the control
system, and can be shown to have a direct impact on system transient response characteristics
such as rise time, settling time, and transient oscillations. Pole placement technique has been
widely applied in the control system design. On the other hand, it is also typical to measure the
stability robustness of the control system using gain and phase margins [HoLeO1]. Based on
these margins, a PI window-based router controller has been designed for AQM router to support
TCP flows in [HoMiOla, HoMi(02]. It can calculate a continuous and smooth packet drop
probability based on the instantaneous queue size, thus avoiding possible queue oscillation in

earlier window-based router-control design.



The papers by [HoMiOla, HoMi02] are perhaps the first papers to provide theoretical basis
to back the performance of their controller design. Using a frequency domain approach, they
clearly relate the network performance to the network parameters. However, there are several
shortcomings. First, there is an assumption of 2N<<zu (N, 7 and x will be defined later on) for
calculating the parameters of PI window-based router controller in [HoMiOla]. Then the
analytical method in [HoMi02] to derive the PI window-based router controller is very
complicated, and difficult for real-time implementation. Finally, these two papers use a fixed
solution for PI window-based router controller for TCP traffic, thus allowing no flexibility to
react to great variations in the Internet traffic, which in turn may result in slow response to the
traffic change and cause possible excessive buffer overflow.

There are also recent work in self-tuning window-based router controllers in [DeYi03,
WuRe01, ZhHo03], but these controllers always self-tune unnecessarily even when the traffic
load changes slightly.

A new type of control theoretical method for rate-based source controller is the utility-based
congestion control scheme [KeMa98]. It can be divided into two classes: primal algorithms and
dual algorithms. In primal algorithms, the users regulate their source sending rates dynamically
based on the route prices, and the links select a static law to calculate their link prices directly
from the arrival rates at the links. On the other hand, in dual algorithms such as [LoLa99,
YaMa00], the links adjust their link prices dynamically based on the link rates, and the users
select a static law to compute their source sending rates directly from the route prices and the
source parameters [LiBa03]. Many attempts have been made to implement utility-based control
for Internet traffic control recently. For example, a simple framework using deterministic fluid
model was proposed, on which utility functions, random losses and ECN (Explicit Congestion
Notification) are exploited on the design of end-to-end congestion controllers [KuSr03].
Linearization approach has been adopted to solve the optimization problem and to make the
source transmission rates converge to an equilibrium point (i.e., a steady-state level), where the
local stability of the primal algorithm can be achieved e.g. [JoTa01, Mass02, Vinn02, LiBa03,
WaTa04]. A utility-based controller is designed to realize the global stability of the network
under the case of a single source and a single link [DeSr03]. However, these papers have very
limited performance evaluation on the transient response of control system, which is an

important measure of the control system performance. Moreover, these papers are only providing



a fixed solution for the controllers, thus having no flexibility to adapt to great variations in the
traffic load level of the Internet, and in turn might result in source sending rate fluctuation and
efficiency reduction of link utilization. It is interesting to note that the time-domain methods

used by these papers might have contributed to some of the above shortcomings.

1.2 Motivations

Since most of the existing Internet traffic control algorithms are heuristics with no theoretical
basis, they cannot always guarantee their system stability. We are therefore very much inclined
to use control theories to revisit all the combinations of control algorithms based on the
source/router and window/rate-based classifications.

As reviewed before, algorithms with an on-off mechanism have a non-continuous packet
drop probability and exhibit oscillatory behavior in queue size and queuing delay. So we would
like to propose PI window-based router controller to obtain a continuous packet drop probability
in order to clamp the queue size around a reference value.

On the other hand, there is still the source-control problem of the TCP/AIMD mechanism
that is now understood to be unsuitable for streaming media transmission. This is further
supported by our initial OPNET [OPNEOO] simulations over very high-capacity and large-delay
links. As observed, the TCP/AIMD source control mechanism cannot avoid the large fluctuations
in source transmission rates no matter what kind of window-based router controller is used for
the AQM. So we would like to find a controller that can provide a relatively smooth source
transmission rate. Our theoretical rate-based method appears to be a good candidate to achieve
this.

In addition to providing relatively smooth source transmission rates, rate-based router
controllers are also expected to achieve a fair allocation of network bandwidth and a high
utilization of network resource. However, this kind of performance improvement comes with a
price (more overhead, larger buffer size and more CPU time-consuming) as reviewed before.
Therefore, to stabilize the source transmission rates by applying source control instead of router
control has been a promising research topic in Internet traffic control. The utility-based source
control appears to be an interesting candidate. Since no frequency-domain analysis on such
controller has been performed before, we would also like to study the transient network

performance of such control.



Since Internet environment is constantly changing, we would like to find a controller that
does not depend on a set of fixed parameter values, whether it is for the window-based controller
or rate-based controller. In other words, we would like to introduce adaptive control. As
reviewed, adaptive control has found limited applications in network traffic control so far. Thus,
it would be interesting to see how applicable is adaptive control theory in the Internet congestion
control design.

From the control theory viewpoint, all the current rate-based router control themes only
consider the SISO model for an IP router. In practice, the inputs and outputs of a router quite
often interact with each other, and therefore a MIMO model should be considered. Furthermore,
the unused link capacity of some output ports by the high priority traffic can be shared with the
incoming traffic from other input ports. For example, most enterprise users normally surf the
Internet in the daytime, while most residential users do it in the evening. Thus, different types of
users can share their slack bandwidth with each other by using an MIMO IP router. This will
make MIMO router important in maximizing the bandwidth utilization for the Internet service
providers. Therefore, we would like to propose a network model for a typical MIMO IP router in
the Internet, and we would like to design a multi-loop adaptive PI rate-based router controller for
AQM in the router. The complexity of the network and its analysis is a challenge, probably being

the reason why no related work has been done in this area.

1.3 Objectives

We would like to study controllers that can adapt to network environment changes. Specifically,

we would like to use control theory (not heuristics) to

1) design an adaptive P (Proportional) window-based router controller for TCP traffic;

2) design an adaptive PI window-based router controller for TCP traffic;

3) establish a network model for a typical SISO IP router supporting best-effort streaming
media traffic, and then develop an adaptive PI rate-based router controller accordingly;

4) establish a network model for a typical MIMO IP router supporting best-effort streaming
media traffic, and then develop an adaptive multiloop PI rate-based router controller
accordingly;

5) develop an adaptive utility-based source controller for Internet traffic.



1.4 Approaches and Methodologies

In order to implement both the source-based control and the router-based control, we would like

to consider window-based router control or rate-based router control.

To explore window-based router control schemes, we shall adopt the linearized TCP/AQM
model described in [HoMi01b]. This network model consists of both long-lived and short-lived
TCP sources (fip and http sources) and their respective destinations, as well as AQM routers, and
network links for TCP connections.

In our work on rate-based router control schemes, we shall adopt the differential equation
approach to describe the dynamic behavior between the controlled sources and the rate-based
AQM router. Under the system parameter approximation, we want to obtain a transfer function
for the AQM control system with the rate-based router controller.

We will use a proportional controller (Kp) to reduce the rise time and the steady-state error.
We would further introduce an integral controller (K;) because it can eliminate the steady-state
error. In practice, considering the stochastic characteristic of the network and the complicated
implementation of PID controller, we would use the P or the PI controller in the network traffic
control, because with the derivative term applied, small amounts of noise (e.g. the short-lived
TCP flows) can cause large amount of change in the output (e.g. great fluctuation of queue size
in the Router), which may cause excessive buffer overflow and undesirable flow throughput in
the network. Even though a derivative controller (Kp) has the effect of increasing the stability of
the system, reducing the overshoot, and improving the transient response.

Instead of the time domain analysis method, we shall select the frequency domain analysis
for control system. We would like to employ the following 2 design techniques:

(1) gain and phase margin specifications: we make use of these 2 specifications, because they are
important measures to the stability robustness of the control system [Ogat02, HoLeO1]. The
controller design based on phase margin has comparable performance as the controller design
based on gain margin. The combine phase margin and gain margin design has better
performance over the sole phase margin design or gain margin design [Ogat02], but it
requires more complicated design procedure and real-time implementation.

(2) pole placement technique using damping ratio: we would like to use this technique in our

utility-based source controller design based on transient response specification, because the
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locations of the closed-loop poles can determine transient characteristics of the control

system performance [Ogat02].

Furthermore, we will combine the adaptive control theory with the above two techniques in
our network traffic controller design. We shall select a monitoring parameter and specify an
interval to monitor the network environment. The adaptive controller will self-tune when a
dramatic change of network traffic drifts the monitoring parameter outside its specified interval.

Unlike all the current rate-based router control themes that only consider the SISO model for
an IP router, we would explore a MIMO model in order to account for the interaction among the
inputs and outputs of a router. We shall investigate how to maximize the link utilization by
sharing the unused link capacity of some output ports with the incoming traffic from other input
ports. We shall find out how the MIMO IP router may benefit in making maximum use of the
limited network bandwidth (especially for wireless networks) in return for its complicated
structure. As mentioned earlier, the particular challenge is the analytical shaping of the
Gershgorin band [Maci89] instead of manual trial and error done before. Therefore, we would
like to extend the DNA method [Rose70] to our multi-loop rate-based router controller design by
shaping the Gershgorin band analytically (instead of manually).

We shall use the OPNET [OPNEOQO] network simulation tool to test the capability of our
controllers. OPNET is chosen because it is a very popular commercial tool to provide
hierarchical representation for network model. OPNET provides a pseudo-C language for
defining network objects, algorithms and messages in an event-driven message-exchanging
environment, where protocols are implemented inside finite state machines [EIDe03].

Note that the controllers we shall design are based on the linearization of the TCP window
operation mentioned above. However, no such approximation will be used in the simulation of
the real TCP operation. In this way, our test results will add to the confidence of the capability of
our controllers. We shall create behavioral models of TCP source nodes and run simulations on
window-based router control and SISO rate-based router control. We shall examine the
performance of our controller such as instantaneous queue length and packet loss rate, and from
which we can analyze and compare with other algorithms in terms of measures such as response
time and stability limits. Since we are dealing with stochastic processes in our evaluation, and
oscillations are expected, we also show the average queue performance curves at some selected

sections (e.g., Section 4.3.1 and Appendix E) in order for readers to appreciate our observations
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that the queues in many cases (such as our designs) do have steady-state mean values. These are
in general omitted for the rest of this thesis for clarity reason.

We also use the MATLAB [HaLi04] tool for the implementation of MIMO rate-based router
control and utility-based source control. The language of technical computing MATLAB
integrates mathematical computing, visualization, and a powerful language to provide a flexible
environment for technical computing. The fact that it is using an open architecture, makes
MATLAB and its companion products easy to explore data, create algorithms, and create custom

tools that provide early insights and competitive advantages.

1.5 Contributions

Instead of using heuristics as done in most of the controller proposed in the literature, we make

use of the control theory to establish our controllers that can always guarantee the stability of the

Internet control systems, and instead of using time-domain approaches, we employ the frequency

domain techniques in the control design. They can be summarized in the following:

1) Adaptive P and PI window-based router controllers for AQM in the IP router to support TCP
traffic in the Internet. When compared to other current window-based router control
algorithms, our adaptive PI window-based router controller can provide a better AQM
performance in the presence of significant changes in the network traffic.

2) An adaptive PI rate-based router controller for SISO IP router supporting streaming media
traffic, which can make the controlled source nodes transmit the maximum allowed
streaming media traffic so as to catch the spare bandwidth left over by the guaranteed service
traffic.

3) An adaptive multi-loop PI rate-based router controller for MIMO IP router supporting
streaming media traffic with the same capability as the controller in (2).

4) An adaptive utility-based source controller for Internet traffic, which can provide a relatively
smooth source transmission rate based on the aggregate congestion information of the

network.

1.6 Thesis Organization
In Chapter 2, we introduce general network model for the Internet, then we propose a general
network model for typical IP core router. Next, we present a basic concept for AQM control

system. Nyquist diagram is present to introduce phase margin and gain margin and the pole
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placement method is summarized. Then we extend Kelly’s network utility model into a general
network model for the Internet with delay. Finally, we introduce our general simulation model,
traffic model and some specific assumptions in our control algorithms.

In Chapter 3, fixed P and PI window-based route controllers for AQM in the IP router are
proposed. We run simulations to study the performance of these two algorithms. In Chapter 4,
adaptive P and PI window-based router controllers for IP router are proposed. Equations for
monitoring the change of network environment are derived. We run simulations to make
performance comparison with some fixed window-based control algorithms.

In Chapter 5, we present an adaptive PI rate-based router controller for AQM in the SISO IP
router to support best-effort streaming media traffic based on phase margin. We use simulation
to demonstrate the stability robustness of AQM control system with our adaptive PI rate-based
router controller. In Chapter 6, an adaptive multiloop PI rate-based router controller is proposed
for AQM in the MIMO IP router to support streaming media traffic in the Internet. The gain
margin technique is employed in the controller design.

In Chapter 7, an adaptive utility-based source controller is proposed to provide a relatively
smooth source transmission rate based on the feedback network congestion information. Chapter

8 concludes our research work and makes proposals for future works.
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Chapter 2  Modeling and Assumptions

We first describe the common models of the network we are going to investigate. Then we
shall review some pertinent control theory in order to summarize the terminology and concepts
that will be used in our controller design. The common simulation models for our performance
evaluation on our control algorithms are then described. Finally, we state the few common

assumptions used in this thesis.

Host
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O— Router
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Router

Core
Router

Core /
Router
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Router
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Figure 2.1: General Network Model

2.1 The Network Model

Figure 2.1 illustrates the topology for a general TCP/IP network in our investigation. Users/hosts
are attached to the access routers that are interconnected to a backbone network consisting of
core routers. The access and core routers cooperate to send data packets from host to host, thus
enabling end-to-end communications. This commonly used network model as well as the TCP
protocol can be found in many networking textbooks, e.g., [Stal03].

Congestion occurs when many connections traverse and interact adversely to overflow a
core router at the same time. Congestion may occur in one or more routers along an end-to-end
data path. Therefore, we need to implement our AQM controllers (window-based or rate-based)
in the core routers in order to participate in the network traffic control, thus preventing the end-

to-end congestion in the Internet.
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Figure 2.2: Network Model for IP Core Router
2.1.1 Core Router

Figure 2.2 shows the general network model as seen by an IP core router. The source controller
is located at a host (i.e. source). The router controller is located at an IP core router for AQM.
Based on the instantaneous queue length x(¢) of the buffer, the router controller can calculate the
packet drop probability or advertised source transmission rate to participate in adjusting the
source transmission rate g,(f), as we discussed in Section 1.1. In Figure 2.2, 7; and 7, represent
the forward time delay and feedback time delay between the host and the core router, by which
we can obtain the round trip time z=z;+17,;. u represents the service rate (i.e. total output link

_ capacity) of the core router. In the linearized TCP/AQM model [HoMiOla], we shall estimate the

round trip delay by its mean, that is, 7 ~ —]% ZZ ,7; and the link capacity .

Xg e(t) C(s) _‘it)’ P(s) x(t) >

Figure 2.3: Block Diagram of AQM Control System

2.2 The Router-Based Control System
Figure 2.3 shows the block diagram of an AQM Control system. The transfer function C(s)

represents the router controller for AQM, i.e. window-based router controller (in Chapters 3 and
4), or rate-based router controller (in Chapters 5 and 6) to be discussed later. The transfer
function P(s) represents an IP router with multiple controlled source nodes (e.g. TCP sources

[Jaco88], utility-based controlled sources [KeMa98, HoYa05a]). The output x(r) of the AQM
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control system represents the queue size of the IP router, while the input x, of the AQM control
system represents the target buffer occupancy of the IP router. The router controller C(s) will
regulate its output u(f) based on the difference between x(¢) and x in order to make x(¢) track xy.
The control signal u(¢) represents the packet drop probability calculated by window-based router

controller or the advertised source transmission rate calculated by rate-based router controller.

2.3 The Source-Based Control System
As reviewed in Chapter 1, the original TCP suite is a source-based control system. The source is
located in the host. It is an AIMD controller that controls the network load by adjusting the
sources’ window sizes based on the level of congestion in the network [Jaco88, Stev97]. Each
source uses its own congestion window to limit the number of unacknowledged packets. Upon
receiving successful acknowledgments, the source increases its congestion window size so as to
increase its packet transmission rate. Then it calculates how many packets are still
unacknowledged and decides how many new packets should be sent out, according to the new
congestion window size. Thus, the total transmission rate from all the sources eventually exceeds
the network bandwidth, which will cause queues to build up in the routers. If the source receives
duplicate ACK (acknowledgment) packets for a given packet, the source considers that the
packet is lost. Then the source decreases its packet transmission rate by reducing its congestion
window size. If the source does not receive any ACK packet for a period of time, the source gets
into a time-out period by triggering a retransmission timer. The window size reduces to half in
earlier size and the lost packet is retransmitted. A summary of TCP window-based source control
model is provided in Appendix A.

Other variations of source-based control exists, one of which we study in this research work

is the Utility-Based Source Control System described in the following.

2.3.1 Utility-Based Source Control System

Consider a network with a finite set J of AQM routers (i.e. resources), and let z; be the finite link
capacity (i.e. service rate) of router j that can be shared by a finite set of sources (i.e. users),
indexed by r. Let R, be a route starting from source » and routed through a non-empty set of J,
which consists of two paths: (1) the data path through which the source r transmits its data to its
destination; (2) the control path through which the destination sends the ACK packets back to

source . The ACK packets contain network congestion information (i.e. route price) so that the
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utility-based controller can regulate the source transmission rate to prevent the network from
congestion. Let R={R,} be the set of all possible routes. For any route R,, define a 0-1 routing
matrix A=(4;,, jeJ, R,€R) such that for any R,eR, we have
4= {(1) lcfthejr;if;
A summary of the utility network model without communication delay [KeMa98] is

provided in Appendix D and on which we have extended to utility-based control system that has
'
the non-negligible round trip delays. Let “7 be the forward delay from the utility-based

b
controlled source r to the AQM router j and “7 be the feedback delay which is the sum of delay

from the AQM router j to the destination and from the destination back to the source r. Let

b

—f
Tr =% * T be the round trip time between the source r and its destination. Then the optimal

utility-based control algorithm in Equation (D.4) has to be rewritten as follows:
q.r(t)zKr(Wr _qr(t_rr) z p]( ZAjsqs(t_Ts)JJ . (2'1)
JeR, s:jeR,
In this thesis, we have adopted the RED and ECN marking strategy to mark the packets by a
probability p; in the router j. We have used the method proposed by [HaF103] to estimate the

round trip time 7.

Gr

Wr

» K i |

q(t-t)

Figure 2.4: Block Diagram of State Feedback Utility-Based Control System

To simplify the controller design, we can let a,(f)= 2. p j( Y A,q,(-1, )J so that we can

JER, s:jeR,

rewrite Equation (2.1) as

q,O=K,(w, —q,(t~1,)a,(t)) . (2:2)
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We can treat ¢,(f) as a state variable and «(¢) as a varying state feedback gain for the utility-
based control system [Ogat02], as shown in Figure 2.4. Therefore we can achieve the good
transient network performance by adjusting the dynamics of the transmission rate g,(f) of the

source r. The proportional gain X, is the focus of our controller design in Chapter 7.

°y

N
/

|6,

Figure 2.5: Nyquist Diagram of AQM Control System G(s)

2.4 Nyquist Diagram with Phase Margin and Gain Margin
Figure 2.5 shows the Nyquist diagram of AQM control system G(s) [Ogat02] and its gain margin

A,, defined at the phase crossover frequency a,, i.e. where £G(jap,)=-1 80° when |G(jap)|=1/Am,
while its phase margin ¢, defined at the gain crossover frequency a, i.e. where £G(jay)=-
180°+ ¢, when |G(ja)|=1. It is a common practice in modern control that we normally specify
the gain margin A4, in the interval of 2<4,<4 and the phase margin ¢, in the interval of
30°<¢,<60°. This is done in order to get a good response [HoLe01], because too small a gain
margin or a phase margin will make the AQM control system sensitive to large load changes and
cause instability, while too large a gain margin or a phase margin will result in sluggish response
to load changes. Gain margin of more than unit (4,>/) and positive phase margin (g,>0) can
guarantee the stability of AQM control system, in accordance with Nyquist Stability Theorem
[Ogat02]. Because the AQM control system in the IP-based Internet can be treated as a linear
system with a delay, positive phase margin (#,>0) can always guarantee gain margin of more
than unit (4,,>1) and vice versa from the control practice [Ogat02]. This has also been verified
by our performance evaluation and simulations later on. Therefore, for the rest of this thesis,

sometimes we do not mention both.
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Figure 2.6: Complex Conjugate Poles of Closed-loop Control System G(s)

2.5 Control Theoretical Background for Pole Placement Method

We summarize here a second-order network control system with a closed-loop transfer function
in order to introduce the control theoretical background and its terminology in Chapter 7. A

second-order system in the standard form can be expressed as

wZ

G(s)= : , 23
) s?+2fw,s + o} 23)

where ¢ and @, are the damping ratio { and the natural frequency @, of the network control
system respectively. These parameters can be used to describe the dynamic behavior of the
second-order network control system [Ogat02]. In the under-damped case (0<¢<I), the transient

response is oscillatory and the closed-loop poles are a pair of complex conjugates
(8,5, ==, * jw,{1-¢? ) in the left-half s plane (with real axis o and imaginary axis j@), as
shown in Figure 2.6. The network control system is called undamped if {=0, and the transient

response does not die out. The system is called critically damped if (=7, and overdamped system

if £>1 [Ogat02]. The undamped case is considered to be unstable while the under-damped cases
are scenarios we want to alleviate as they represent improper resource utilization as
demonstrated later. All the closed-loop poles must be in the left-half s plane in order to guarantee
the stability of the network control system [Ogat02], which is a basis of the design rule for our

utility-based source controller.
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The transient response of a practical control system often exhibits damped oscillations
before reaching the steady state. For the second-order closed-loop network control system as
expressed in Equation (2.3), the transient specifications, such as maximum percent overshoot and
settling time, are determined by £ and @,. For example, the maximum percent overshoot enlarges
as the damping ratio ¢ reduces under the range of 0<{<I, while for a fixed value of ¢, the

settling time increases as the natural frequency a, decreases [Ogat02].
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Figure 2.7: Network Simulation Topology for Performance Evaluation

2.6 Simulation Model

We use simulations to verify the effectiveness of our Internet traffic controllers (i.e. window-
based router control, rate-based router controller and utility-based source controller). We run our
simulation on the network topology shown in Figure 2.7 in all the experiments for all the Internet
traffic control algorithms. This simulation model allows us to consider a network system with
multiple controlled sources and destinations. The sources send the data packets to their
destinations through a series IP routers in the Internet. A router controller is located in the every
IP router, and a source controller is located in each host. Both router controller and source
controller cooperate for network traffic control to prevent the end-to-end congestion in the
Internet.

In the window-based router control scheme, we adopt TCP-Reno sources [MoLa99] that use
the Fast-Retransmit and Fast-Recovery mechanisms. We provide greedy ftp (long-lived TCP)
flows (i.e. the fip sources always have data to send as long as their congestion windows allow)
and http (short-lived TCP) flows (generated by the pattern suggested by [CrBe97]) as the data

packets transmitted by the source in the OPNET environment.
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For the rate-based SISO router control scheme, we use streaming media as traffic source to
generate data packets in the OPNET environment.

For the rate-based MIMO router control scheme, we use streaming media as traffic source to
generate data packets in the Matlab environment.

For the utility-based source control scheme, we do simulations in Matlab environment.

Although N routers are shown in Figure 2.7, we usually observe the behavior of our router
control algorithms in the most congested controller in Chapters 3, 4, 5 and 6, while we apply
RED and ECN to provide link congestion information of multiple routers in Chapter 7.

2.7 Assumptions

The following assumptions are used for the remainder of this thesis:

(1) Only the queue size in the most congested router is observed and studied although the
router control algorithms are implemented in all IP routers in the networks. This is because
the transmission rate of a source node is regulated “directly” (by calculating the advertised
source window size) or indirectly (by adjusting the packet drop probability) from all the
congested routers. Therefore, the most congested router (usually with the largest queue size
and therefore resulting in the smallest source transmission rate) can also prevent congestion
in all the less congested router.

(2) The link capacity x4, the number N of active controlled sources and the average round trip
time 7 can be estimated from measurements made locally at the congested router. These
estimation methods have been widely adopted in classical control system design e.g.,
[AsHa95], and recently in network traffic control e.g., [HoMiO1b, KaHa02].

(3) The average round trip time 7is dominated by the propagation delay and the queuing delay,
a reasonable assumption for the current and future high capacity links.

(4) The TCP/AQM performance can be linearized around an operating point.

(5) The destination’s advertised window size is set sufficiently large so that TCP connections
are not constrained at the destination.

(6) The “significant” (or “great” or “dramatic”) changes of the network traffic means that there
is more than /00% change in the traffic.
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Chapter 3  Fixed P and PI Window-Based Router
Controllers

In this chapter, we shall provide the design of fixed P (Proportional) and PI (Proportional-
Integral) window-based router controllers for AQM in the IP router in the Internet. Classical
control theory is applied in the controller design to achieve good AQM performance by

specifying proper phase and gain margins.

3.1 Linearized Network Model for TCP/AQM Control System
Consider the AQM control system model shown in Figure 2.3, where the transfer function C(s) is

the window-based router controller (e.g., our P and PI window-based router controllers), and the
transfer function P(s)=P'(s)e™" is the “plant” of AQM control system [HoMiOlla]. The

parameter 7 is average round trip time, which causes a delay in the feedback of losses. The
parameter x(f) indicates the instantaneous queue size in the IP router , while u(?) indicates the
instantaneous packet drop probability.

The behavior of TCP/AIMD/AQM is generally non-linear. Its dynamic model has been
developed by [MiGo00] and summarized in Appendix A (Similar network model can also be
found in [HiOhO3]). This has been linearized [HoMi0O1b] and will be used as a network model

for our window-based router controller design. Mathematically, it can be expressed as P) that

1s a product of P,(s) and Pgeue(s), where

B””(s)z(wzzJ/ [H - J ’

2N T u

P,,W<s)=[—1!] / [wl) , 3.1)
T T

Pyp(s) describes the TCP source window size control mechanism, while Pgye..(s) describes the

queueing dynamical behavior in the routers. We have a constant traffic load factor N(¢)=N, a
constant round trip delay #(#)=7 and a constant link capacity g(f)=u at the operating point. The
number of active long-lived TCP flows N can be estimated using a simple form of flow cache
(called the zombie list). The zombie list is equivalent to a list of N recently seen flows augmented
with a count and timestamp field [OtWo099]. The link capacity x can be estimated by the service
rate of the local congested router. [ZhHo03]. The round trip time 7 can be estimated by the TCP
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N , while py is the equilibrium packet dropping probability which is
K+ Do

throughput equation 7 =

also the output of window-based router controller (i.e., AQM controller) [ZhHo03]. Since it is
not easy to obtain the equilibrium packet dropping probability py upon the dramatic change of
the network environment, we use instead the average value of the previous packet drop

probability and current packet drop probability (i.€., P, = (P previous *+ Pesurens)/ 2) 10 approximate

V2N

KNP,

po- Therefore round-trip time can be estimated by 7 = in the real-time implementation.

3.2 Fixed-P Window-Based Router Controller Design Based on Phase Margin

In a fixed P control, the feedback signal is simply the regulated output (queue size) multiplied by
a gain factor Kp. Thus the transfer function of the P controller is C(s)=Kp. To obtain the
unknown proportional gain Kp, we only need the value of an extra parameter, which can be
either a phase margin or a gain margin. We shall first design a P window-based router controller
based on the phase margin in this section.

For the design of the P window-based router controller based on phase margin, we shall
specify an interval of the phase margin. Given a nominal phase margin ¢,, and from the
condition on £G(jwy,), where |G(ja,)|=1 [Ogat02], we have the following equation to obtain @,
and Kp:

—arctan s —arctan Ls -0, T=-T+¢
2N 1 & "
E 7 3.2)
tyz N
with K, ——2N A (3.3)

sz +(%)2 \/w; )

It is not difficult to show that Equation (3.2) holds true only when 0<w@,7<37/4.
Furthermore, based on the approximation of tan(x)=x when 0<x<w/4, we can simplify Equation
(3.2) for 3 different cases:

Case (1): By taking the tangent function in Equation (3.2), expanding the identity for tan(xty)
and simplifying for the range of w,7<7/4, we obtain
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Case (2): By applying the same approach as in Case (1) on Equation (3.2) for the range of
W 4<w,m<m/2, we obtain

s 1z 3z _ Moz 1o ZanCE—g )| L 2N | 2N
a)g 1(4 +2tan(4 ¢m)(l+z_”)]wg Uil 4tan(4 ¢m):|[z_2 +T3,U:|+T3/l]wg (3 5)

24N [tan(3—”—¢m)+f—}=0
U 4 4

+

Case (3): By applying the same approach as in Case (1) on Equation (3.2) for the range of
Wy 7277/2, we obtain

L ifx - M. ([, 7.z  J1._ 2n] 2N
s 1(2”“"‘(2 ¢”‘)[l+w)}wg [[1 2" ¢"‘)}L2+r3u}+73”}% (3.6)
2N

T T
+T—4/;|:tan(5—¢m)+—2—:|—0

It is a common practice in the modern control that we normally specify 300s¢),,S600 for a
good response, as shown in Figure 3.2. Within this range of @,, one can show that the smallest
positive real root of Equations (3.4) to (3.6) on the three cases will be used as the default value of
bandwidth @, of the control system.

This provides us a design procedure for the P window-based router controller as follows:
Step 1: Specify the phase margin ¢,.

Step 2: Estimate the network parameters 7, ¢ and N using the method presented in Section 3.1.
Step 3: Obtain @, using Equation (3.4).
Step 4: Calculate the value of a7
(4a) If we find that @, 7<n/4, then go to step 7.
(4b) If we find that 7/4<a, 7<7/2, then go to step 6.
Step 5: Recalculate @, by Equation (3.6), then go to step 7.
Step 6: Recalculate a, by Equation (3.5).
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Step 7: Obtain the proportional gain Kp using Equation (3.3).

For further performance analysis and evaluation, we consider a network system with TCP-
Reno sources that use the Fast-Retransmit and Fast-Recovery mechanisms. We use N=100
greedy fip sources and 20 http sources in the beginning of all the following experiments on
window-based router control algorithms. The propagation delays of between TCP sources and
TCP destinations will be uniformly distributed between 0.05 sec and 0.13 sec with the mean of
0.09 sec, i.e., the average end-to-end propagation delay is 0.09 second. Considering the queuing
delay, the upper limit of round trip time (RTT) is set as 7=0.25 second. The link bandwidth is T}
(44,736,000bps), with the average packet size being 536 bytes. It means that the link capacity is
H=44736000/536/8=10433packets/second.

M agnitude response in ¢B

-100 T T — T
3 z s e e s
8 120f---oooo Gl RaRRRES L SEEERTEEES. R e .
c : 1 £0(@) . :
@ -140p---------- RASEEREED Pz IRRERREREED: dmommneenes ARDEEEEEE .
= : : :
o [l [ ]
S 160 [---------- booemoenoas i .
o ‘ ‘ i i i
2 R R dedeaeans PR S
g 10 s e : s 5
00 i L E i i
1 1.5 2 25 3 35 4

Frequency (radis)
Figure 3.1: Frequency Response for AQM Control System with P Window-Based Router
Controller (Phase Margin = 45°)

Example 3.1:
Using the network system described above, we specify the phase margin @, as 45 . From the

given network parameters N, 7 and u, we obtain @,~2.022rad/sec from Equation (3.4) and find
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that @,7<n/4. Then from Equation (3.3), we obtain our fixed P window-based router controller
C(s)=Kp=1.684x10".

Figure 3.1 is the Bode plot for the frequency response of the AQM control system in the
frequency range of /<w<4. Both the magnitude |G(s)| and phase ~G(s) are decreasing function
of w as expected. It is shown that the phase margin of AQM control system with the fixed P
window-based router controller has been pegged at ¢,=180"+G(j wg)z450 as desired.
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Figure 3.2: Instantaneous Queue Size Comparison of Fixed P Window-Based Router Controller
with Different Phase Margins (PM=30°¢, 60°, 1209

We verify the P window-based router controller via simulations using OPNET Modeler
[OPNEOO] based on the network simulation topology shown in Figure 2.7 with N=2 IP routers.
We simulated the case of long-lived sources (i.e., greedy ftp sources), which always have IP
packets to send as long as their congestion windows allow; and the short-lived sources (i.e., http
sources), which enter the network after an undetermined think time, send a file of an
undetermined length, and then wait for another think time period. The destination’s advertised

window size is set sufficiently large so that TCP connections are not constrained at the
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destination. The buffer size is 1000 packets based on the different bandwidth-delay product
[HoMiO1la). The target buffer occupancy is specified as 400 packets. In all the graphs shown
subsequently in this chapter, we depict the time evolution of the instantaneous queue size, with
the time axis drawn in seconds. The notation PM means phase margin.

Figure 3.2 shows the instantaneous queue size of our fixed P window-based router controller
with different phase margins. As phase margin is increasing from ¢,=30°to ¢,=120°, we can
see that the fluctuation of queue size increases. Also evident from Figure 3.2, a larger phase
margin results in a slower settling time and a larger average queue size. Thus too large phase
margin may cause buffer overflow due to the limitation of the buffer size. Note that the
instantaneous queue size in this figure (and the only figure in the thesis) is based on the ensemble

(statistical) average of several simulation runs as explained in Appendix E.

3.3 Fixed P Window-Based Router Controller Design Based on Gain Margin
We have also designed the P window-based router controller based on the gain margin. This is a
design parallel to Section 3.2. Our study shows that it has comparable performance with phase

margin design. It is omitted for clarity purpose, but the details can be found in [HoChO03].

3.4 Fixed PI Window-Based Router Controller Design Based on Phase Margin

From the experiment in Section 3.2, the P window-based router controller has a steady state error
that is dependent on the network parameters, and such error can sometimes be larger than the
buffer size, which might cause instability. Therefore the PI controller design is proposed to
clamp the queue size to a specified reference value g,.; which is independent of the load level.

KI
CE)=Kr+—=  where

Our fixed PI window-based router controller has a transfer function
Kp is the proportional gain and K; is integral gain. For the controller design based on phase
margin, we shall specify a phase margin as ¢,. From the condition on £G(ja,) where |G(ja,)|=1
[Ogat02], we have

T K Pa)g wg wg
—— + arctan — arctan| —arctan| —{—-w, 7=—7 +
2 [ K :| 2N 1 g ¢”‘

! 2 = , (3.7
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To obtain two unknown parameters (the proportional gain Kp and the integral gain Kj) based

on a known parameter (phase margin ¢,), we need to set up a proper relationship between Kp
and K; in order to simplify the controller design. We can set Kp=K/@w, to make

arctan(Kpaw,/Ky)=arctan(/)=n/4, as suggested by [HoMiOla]. Therefore we can simplify
Equations (3.7) and (3.8) as

1) 1)
——%—arctan £_|_arctan -l—g ~@,T=-7 +§,
= 7 R 3.9
wu’ N
. 2K 2 T
with V2K, N L (3.10)

()

; \/w; Ll Jozr
It is not difficult to show that Equation (3.9) holds true only when 0<@, 7<7/2. Furthermore,
based on the approximation of tan(x)ax when 0<x<7/4, we can simplify Equation (3.9) in two

different cases.

Case (1) o, =<n/4:

3 m 2
a)g — (1 + _Jwg — [_2 + 3_]wg +

2
T T tt Pu 4

N -4 )=0 G.11)
Ty 4

Case (2) 4<w,<m/2:

s 1z 7 IEJ z_[l_z z_ }Lﬂ 2N

@, T[4+ tan( ¢,,,>(+w ]wg ( PRIV eyl el o .
2N T T

+——14ul:tan(3—¢m)+z}—0

The smallest positive real root of Equations (3.11) or (3.12) on the two cases will be used as
the default value of bandwidth @, of the control system. This provides us a design procedure as
follows from known system parameters.

Step 1: Obtain @, using Equation (3.11).
Step 2: Calculate the value of @, .
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(2a) If we find that w,7<n/4, then go to step 4.
Step 3: Recalculate @, by Equation (3.12).
Step 4: Obtain the integral gain K; using Equation (3.10).
Example 3.2:
Consider the same network example as in Section 3.2. We specify a phase margin as ¢,,,=450.
Then the network parameters N, 7 and u are estimated, from which we obtain a,=~0.769rad/sec
by Equation (3.11). Since we have @,7<n/4, we obtain Kp=4.38%] 0 and K;=3.366x10° for our

PI window-based router controller by Equation (3.10).
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Figure 3.3: Frequency Response for AQM Control System with P1 Window-Based Router
Controller (Phase Margin = 45°)

Figure 3.3 is Bode plot for the frequency response of the AQM control system in the
frequency range of 0./<w<I. Both the magnitude |G(s)| and the phase <G(s) are decreasing
function of ® as expected. It is also demonstrated that the phase margin of our AQM control
system with a fixed PI window-based router controller can be pegged at ¢,=1 800+ZG(ja)g)z45o

as desired.
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We have verified our fixed PI window-based router controller via simulations using OPNET
Modeler [OPNEOO]. The simulation scenario in the Section 3.2 is reused. The reference queue
size is specified as 400packets. Note the notation REF QS means reference queue size (target
buffer occupancy).

Figure 3.4 shows the instantaneous queue size of PI window-based router controller with
different phase margins. As is evident from Figure 3.4, when the phase margin increases, the
settling time increases and the fluctuations of queue size turns larger. If the phase margin is too
large (e.g., 120°), the settling time for the queue size to reach a mean value of 400 packets
(reference queue size) is extremely long when compared to those with smaller phase margins.

Figure 3.5 gives the instantaneous queue size comparison using different reference queue
sizes in the PI window-based router controller. When the reference queue size increases, the
settling time becomes longer. If reference queue size is too large, due to the limitation of the
buffer size, the instantaneous queue size may have a large fluctuation and cause some buffer

overflow as shown in Figure 3.5.

3.5 Fixed PI Window-Based Router Controller Design Based on Gain Margin

We have also designed the PI window-based router controller based on the gain margin. This is a
design parallel to Section 3.4. Our study shows that it has comparable performance with phase
margin design. It is omitted here for clarity purpose, but the details can be found in [HoCh03]. In
fact, our finding and experience also motivate us to examine the combined design of phase

margin and gain margin of the PI window-based router controller in the next section.
3.6 Fixed PI Window-Based Router Controller Design Based on Both Phase and Gain
Margins

As we discussed in Section 3.4, the transfer function of PI controller is given by C(s) =K, +& ,
S

where Kp is the proportional gain and K] is integral gain. To obtain the two unknown parameters
— Kp and K, we will use two equations derived based on the definition of phase margin ¢, and
gain margin A4,,.

Let o, be the phase crossover frequency and @, be the gain crossover frequency. Then from

the definition of the gain margin and phase margin [Ogat02], we can obtain
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K
P(jw,,){Kp—jw—’}—AL : (3.13)

P(](Og)|:KP _j§]=_ej¢m . (314)
&g

where P(s)=P'(s)e *" represents the “plant” of AQM control system in Figure 2.3.

It is noted that there are four unknowns altogether, namely, Kp, K}, @, @ in Equation (3.13)
and (3.14). Observing that both equations are complex, they can be broken down into four real
equations. Since the number of unknowns equals the number of real equations, we can obtain a
unique solution. We adopt the method proposed by [FuWa98] to obtain the parameters of PI

K

= il &
controller €¢)=Kp + s . Splitting Equations (3.13) and (3.14) into their respective real and
imaginary parts yields
_1 _ ej ¢m
Kp=Re _ =Re| — , (3.15)
AnP(jo,) P(jo,)

_ e/t 3.16
Ki=w,1 1 PGa,) =w, I PGay) . (3.16)

Since the frequency points @, and @, are unknown, we define the following two complex

functions:
-1 ) 1 .4 .
fp(w):Re[AmP(jw)}-”wIm[AmP(jw)} —?<AP(ja))<—7r . 3.17)
—ej¢’” . ej¢,,, /4 . 3 18
fi(@)=Re PGa) +jol ) —E+¢”’ <LP(jo)<-m+¢, . (3.18)

The functions are plotted in the same complex plane. An intersection of these two functions
means that they have the same real and imaginary parts, and thus both equations (3.15) and
(3.16) are satisfied. The intersection is therefore a solution to equations (3.13) and (3.14) that
provides a set of values for Kp and Kj, and the corresponding @), and @, and no solution exists if
they do not intersect. The solution will exist if we choose the proper phase margin and gain
margin within the range of 30°<¢,<60° and 2<4,,<4.

This provides us a design procedure for the fixed PI window-based router controller based
on phase margin and gain margin as follows:
Step 1: Specify a phase margin ¢, and a gain margin A4,,.

Step 2: Estimate network parameters N, 7and g using the method presented in Section 3.1.
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Obtain the proportional gain Kp and integral gain K; for fixed PI controller using

Equations (3.15), (3.16), (3.17) and (3.18).

Step 3:
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Using the same network system described in Section 3.2, we specify a phase margin ¢, =45 and

3 and Phase Margin
Sqﬁ;,,s600 and 2<4,<4). Next, we estimate the
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Figure 3.7: Frequency Response for AQM Control System with Fixed PI Window-Based Router
Controller (Gain Margin

network parameters N, 7 and g Then from the equations (3.15) to (3.18), we can draw a plot, as

a gain margin 4,=3 (within the range of 30°

Example 3.3:



shown in Figure 3.6. From the Figure 3.6 (Point A), we can obtain the PI

4.847x107°
—

controller C(s) =1.053x10° +

Figure 3.7 is the Bode plot for the frequency response of the AQM control system in the
frequency range of 0.]<w<4. Both the magnitude |G(s)| and the phase «£G(s) are decreasing
function of @ as expected. It is shown that the nominal gain margin and phase margin of AQM
control system with the fixed PI window-based router controller have been pegged at 4,=3 and

#n=45" as desired.
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Figure 3.8: Instantaneous Queue Size Comparison Among Different Gain and Phase Margins of
Fixed PI Window-Based Router Controller (REF_QS=400)

We have verified our fixed PI window-based router controller via simulations using OPNET
Modeler [OPNEOO]. The simulation scenario in Section 3.2 is reused. The reference queue size
(target buffer occupancy) is 400 packets. We set the gain margin to 3 and the phase margin to
45", Note the notation GM means gain margin.

Figure 3.8 shows the instantaneous queue size of fixed PI window-based router controller
with different gain and phase margins. When the gain margin (and therefore phase margin)

increases, the settling time increases and the fluctuations of queue size becomes larger. If both
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the gain and the phase margins are too large (e.g., GM=20, PM=135 9, the settling time becomes
so long that the queue size reaches the buffer limit before settling down to the target buffer

occupancy slowly.
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Figure 3.9: Instantaneous Queue Size Comparison Among Different Reference Queue Size of
Fixed PI Window-Based Router Controllers (REF_QS=250, 400, 600, 800)

Figure 3.9 gives the comparison of our fixed PI window-based router controller with
different reference queue sizes. When the reference queue size increases, the settling time
becomes longer. If the reference queue size is too large, the instantaneous queue size may

become unstable and cause some buffer overflow due to the finite buffer size.

3.7 Stability Robustness of P Window-Based Router Controller

To demonstrate the stability robustness of our PI window-based router controller designed based
on the phase margin and the gain margin, we want to observe the AQM performance upon
changes in the network environment during the simulations. However, in order to guarantee the
stability of the AQM control system, we shall restrict the range of traffic load changes in the
network during the simulations. According to Nyquist stability theorem [Ogat02], the gain
margin should be more than unit (4,,>1) and the phase margin should be positive (¢,>0). We

have done simulations upon the changes of active TCP flows and round-trip time respectively. In
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the following simulations, the link bandwidth is also 73 with a link capacity of w=10433
packets/second. The reference queue size is also 400 packets. We set the gain margin to be 3 and
the nominal phase margin to be 45°,

Figure 3.10 shows the instantaneous queue size of our fixed PI window-based router
controller upon varying active TCP flows. The average round trip time is around 250ms. At time
t=0, N=100 greedy ftp sources and 20 http sources are used. Following the controller design
procedure in Section 3.6, the fixed PI window-based router controller is given as

4.847x10°
s . Simulation results show that the queue size starts to

Cis)=K, +%= 1.053x107° +
approach the target queue length at time /=20s. At time =100s, the number of active TCP flows
decreases, (that is, only N=30 greedy ftp sources and 10 http sources are used), and the queue
size decreases till the buffer is almost empty. Then after the time t=105s, the queue size starts to
reach the target queue length (400 packets). At the time t=200s, more TCP flows are added, that
is, N=200 greedy ftp sources and 40 http sources are used. The queue size increases till nearly

buffer overflow, then decreases and approaches the target queue length (400 packets).
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Figure 3.10: Instantaneous Queue Size of Fixed PI Window-Based Router Controller upon
Varying Active TCP Flows (N=100, 50 and 200)
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Figure 3.11: Instantaneous Queue Size of “Fixed” Adaptive PI Controller upon Varying Round
Trip Time (RTT=0.5s, 0.25s and 0.75s)
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Figure 3.11 shows the instantaneous queue size of fixed PI window-based router controller
upon varying the round trip time. During the simulation, N=400 greedy ftp sources and 80 http
sources are used. At time 7=0s, the average round trip time is around 500ms. Following the
controller design procedure, we obtain the fixed PI window-based router controller

4.079x10°
s . It can be seen that the queue size starts to approach the

C(s)=K, +% =1.045x107° +
target queue length at the time r=60s. Between the time t=100s and t=200s, the average round
trip time decreases to about 250ms. The queue size decreases to nearly empty at time t=105s,
then increases and starts oscillation around target buffer occupancy (400 packets). At the time
t=200s, average round trip time increases to around 750ms, the queue size continues oscillation
along the target queue length (400 packets).

In summary, our fixed PI window-based router controller designed based on gain and phase
margins can provide AQM control system with good stability robustness. However, our fixed PI
controller cannot adapt very well to the great changes in network environment. This has
motivated us to design an adaptive PI window-based router controller, instead of the fixed PI

window-based router controller, to guarantee the stability of the network in the next chapter, with

the purpose of avoiding excessive buffer overflow and preventing the Internet from congestion.

3.8 Concluding Remarks
We have applied classical control theory to develop the fixed P and PI window-based router
controllers for AQM routers in the Internet. Phase and gain margins are used to measure the
stability robustness of the AQM control system. We can achieve good pérformance of AQM by
assigning a proper phase margin and/or gain margin. Equations for designing P and PI window-
based router controllers have been derived. Based on the knowledge of the queue size in the
router, the PI window-based router controller can regulate the TCP source window size by
adjusting packet drop probability in order to clamp the steady value of queue size around the
specified target buffer occupancy.

As a final remark, we reiterate that our controllers are developed based on control theory

which, as demonstrated, can always guarantee the stability of our AQM control system.
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Chapter 4  Adaptive P and PI Window-Based Router
Controllers

In this chapter, instead of specifying a fixed value of phase margin and gain margin, we will
design the adaptive P (Proportional) and PI (Proportional-Integral) window-based router
controllers by assigning a proper interval of phase margin and gain margin. We propose
equations for real-time monitoring the change of the network environment. These adaptive P and
PI window-based router controllers will self-tune only when big changes in the network
environment drift the phase margin or the gain margin outside its specified interval. In this way,

adaptive P and PI controller need not react to any small traffic load change.

4.1 Adaptive P Window-Based Router Controller Design Based on Phase Margin

To design an adaptive P window-based router controller based on phase margin, we need to
specify a phase margin interval (¢;, ¢;). From such interval, we determine a nominal phase
margin @, (e.g., ¢.=(di+¢,)/2), then we can use Equations (3.2) and (3.3) to obtain (or design)

adaptive P window-based router controller and develop the monitoring equations (4.1) and (4.2)

below.
2
@)+ (2N)2 +((l)2) w2 +| 2N 2— Kp1” =0 4.1)
g T2,U T g T3ﬂ 2N ’
®
#,, =& —arctan| ;); —arctan—l‘g— -0, , 4.2)
*u T

where the smallest positive real root of Equation (4.1) will be the default value of the bandwidth
@, to calculate the phase margin of the AQM control system.

Should the parameters N, 7 and u of the network change so significantly that the system
phase margin falls outside the interval [¢;, ¢;], the adaptive P window-based router controller
will self-tune and make the phase margin return to its nominal value @,. To achieve this, we use
Equations (4.1) and (4.2) to monitor the phase margin of the AQM control system online. We

also choose ¢#=30° and #=60° as discussed in Section 2.5 because numerous simulations (as
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done later on) confirm the suitability of this range. With these choices, we are able to provide a
design procedure for the adaptive P controller as follows:
Step 1: Specify the interval of phase margin as 30°<¢,<60° and nominal phase margin ¢,=45".
Step 2: Estimate network parameters N, rand  using the method presented in Section 3.1.
Step 3: Obtain @, using Equation (3.4).
Step 4: Calculate the value of @, .

(4a) If we find that w,7<m/4, then go to step 7.

(4b) If we find that 74<a,<m/2, then go to step 6.
Step 5: Recalculate @, by Equation (3.6), then go to step 7.
Step 6: Recalculate @, by Equation (3.5).
Step 7: Obtain the proportional gain Kp using Equation (3.3).

Real-time monitoring:

Step 8: Estimate the current network parameters N, 7 and u using the method presented in
Section 3.1, then compute the phase margin using Equations (4.1) and (4.2).
Step 9: (9a) If the phase margin falls outside the specified interval, go to Step 3.
(9b) If the phase margin is still inside the interval, P controller remains unchanged, go to
Step 8.

4.1.1 Performance Comparison of Adaptive and Fixed P Window-Based Router
Controller

We have verified our adaptive P window-based router controller via simulations using OPNET
Modeler [OPNEOO]. The simulation scenario in Section 3.2 is reused. In order to demonstrate the
importance of adaptive control in the network traffic control, we have run the RED algorithm
[F1Ja93] and the fixed P window-based router controller in [HoMiO1a] for comparison. To allow
further comparison, we use similar RED parameters from [HoMiOla] in this thesis. That is,
maximum drop probability pm.x is 0.7; the maximum queue threshold maxy, is 700; the minimum
queue threshold miny, is 150; the queue weight w, is 1.33xI] 0.

Figure 4.1 compares the instantaneous queue size of RED, the fixed P window-based router
controller in [HoMiOla] and our adaptive P window-based router controller with a nominal
margin = 45" At time #=0s, N=100 greedy ftp sources and 20 http sources are used, it is obvious
that the adaptive P window-based router controller shows a better response than RED. Its settling

time is much shorter than RED. Also the response time of the adaptive P window-based router
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controller is shorter than the fixed P window-based router controller. Furthermore our method
has less oscillation. At time t=100s, another 300 greedy ftp sources and 60 http sources are
added. The instantaneous queue sizes of both RED and fixed P window-based router controller
exhibit sluggish response. Moreover, the queue size of the fixed P window-based router
controller has increased to more than 800 packets and some buffer overflow has occurred. Since
the phase margin of the AQM control system falls outside the interval, our adaptive P window-
based router controller self-tunes and gives a new @,=45° It can be seen that the instantaneous
queue size of our adaptive P window-based router controller then reaches a new steady state
value very quickly and avoids excessive buffer overflow. However, both the fixed P window-
based router controller and the adaptive P window-based router controller cannot make the

instantaneous queue size approach the target buffer occupancy (400 packets).
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Figure 4.1: Instantaneous Queue Size Comparison among RED, Fixed P Window-Based Router
Controller, Adaptive P Window-Based Router Controller (Nominal PM= 45 9
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4.2 Adaptive P Window-Based Router Controller Design Based on Gain Margin

We have also designed the adaptive P window-based router controller based on the gain margin.
This is a parallel design of Section 4.1. Our study shows that it has comparable performance with
the phase margin design. It is omitted here for clarity purpose, but the details can be found in
[HoYa04b].

4.3 Adaptive PI Window-Based Router Controller Design Based on Both Phase and Gain
Margins

To design of an adaptive PI window-based router controller based on both the phase margin and
the gain margin, we shall specify a phase margin interval (¢, ¢;) and a gain margin interval (4,
A3). From such intervals, we determine a nominal phase margin @, (e.g., ¢.~(#t¢,)/2) and a
nominal gain margin A4, (e.g., A,=(4;+A42)/2), then we can obtain (or design) an adaptive PI
window-based router controller using Equations (3.15), (3.16), (3.17) and (3.18).

Should the parameters N, 7 and u of the network change so significantly that the system
phase margin or gain margin falls outside its specified interval, the PI window-based router
controller need to self-tune and make both phase margin and gain margin return to their nominal
values ¢, and A4,,. This is done by real-time monitoring the phase and gain margins of the AQM
control system using the following Equations (4.3), (4.4), (4.5) and (4.6).

From the definition of phase margin [Ogat02], we have
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The smallest positive real root of the Equation (4.4) will be the default value of gain
crossover frequency @ to calculate the phase margin of the AQM control system by Equation
(4.3).

Similarly from the definition of gain margin [Ogat02], we have

wu® N

a)p 2 2N 2 J 2 1 2 Am
w, +{(— @, +{—
\/ » (rzﬂ) p (T) ,

[am—y

K,0 7] @
when —Z +arctan| —2—2 | - arctan| —2 |- arctan| —= |~ r=-7 ,
2 K, v 1
7%y T
which can be simplified as
2Nw, ‘/;f, + (izj\i)2 \/m; + ()2
T
4 = e : (4.5)
,uﬂ/K ros +K}?
@ W K,o
when  —arctan ﬁ — arctan —1"— -—w,r= —% - arctan{—;;l—pj| . (4.6)

Ty T
It is not difficult to show that Equation (4.6) holds true only when 0<w,7<7/2. Based on the
approximation that tan(x)=~x when 0<x<7/4, we can simplify Equation (4.6) in 2 different cases:

Case (1) when @,7<7/4: by taking tangent function on the Equation (4.6), we can obtain

0w, @ K.0
2 +—C tan| Z 4 arctan(=2—2) -0,T
P 2 K,
o, ®, K,»
1-—>-—% 1l+tan 7 varctan(——2) o ¢,
o7 2 K, P
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Case (2) when 7/4<a,R¢<7/2: by applying the tangent function on both sides of Equation (4.6),

we can obtain
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The smallest positive real root of Equation (4.7) or (4.8) will be the default value of the

phase crossover frequency @, which will be used to calculate the gain margin of the control
system through Equation (4.5). We first use Equation (4.7) to obtain a),. Then we can calculate
the value of a,z. If we find 74<w,7<m/2, then we recalculate @, by Equation (4.8). This has
provided us a design procedure for the adaptive PI window-based router controller as follows:
Step 1: Specify the interval of gain margin and nominal gain margin A4,, the interval of phase
margin and nominal phase margin g,
Step 2: Estimate the network parameters &, 7 and u using the method presented in Section 3.2.
Step 3: Obtain the proportional gain Kp and integral gain K; for adaptive PI controller using
Equations (3.15), (3.16), (3.17) and (3.18).

Real-time monitoring:

Step 4: Estimate the current network parameters N, ¢ and g using the method presented in
Section 3.1.
Step 5: Compute the gain margin and phase margin using Equations (4.3), (4.4), (4.5) and (4.6).
Step 6: (6a) If the gain margin or phase margin falls outside the specified interval, go to Step 3.
(6b) If both the gain margin and the phase margin are still inside the interval, the PI
window-based router controller remains unchanged. Then go to Step 4.
4.3.1 Performance Comparison of Adaptive and Fixed PI Window-Based Router
Controller
We verify the adaptive PI window-based router controller via OPNET simulations [OPNEO0O].
The scenario in Section 3.2 is reused. We run simulations for the adaptive PI window-based
router controller under large traffic change and small traffic change respectively. We compare
the RED algorithm [F1Ja93] and the fixed PI window-based router controller in [HoMiOla]. We
use the same RED parameters as in Section 4.1.1.
Since the Adaptive RED (ARED) [FIGu01] can also clamp the instantaneous queue size
around the target buffer occupancy, we also run the ARED algorithm for comparison under the

same OPNET simulation environment. We adopt the ARED parameters suggested by [F1Gu01]
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in this thesis. That is, the adaptive maximum drop probability max, is confined to the range
[0.01, 0.5], the maximum queue threshold max,;, is 650, and the minimum queue threshold min,y,
is 150. The target buffer occupancy is set to 400 packets, which is the mean of max,, and miny,.

The queue weight w, is set to 0.00026. The increment parameter ¢ is min(0.01, max,/4) and the

decrease factor fis 0.9.

4.3.1.1 Case with Large Traffic Change
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Figure 4.2: Instantaneous Queue Size Comparison among RED, ARED, Fixed PI Window-Based
Router Controller, Adaptive PI Window-Based Router Controller (REF_QS=400)
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To produce large traffic changes, N=100 greedy fip sources and 20 http sources are used
between the time t=0s and t=100s, while N=400 greedy ftp sources and 80 http sources are used
between the time t=100s and t=200s.

Figure 4.2 shows the instantaneous queue size of RED, ARED, the fixed PI window-based
router controller in [HoMiOla] and the adaptive PI window-based router controller with a
reference queue size of 400 packets. At time ¢t=0s, it is obvious that the adaptive PI window-
based router controller and ARED show a better response than RED. Their settling time is much
shorter than RED. Also the settling times of our adaptive PI window-based router controller and
ARED are shorter than the fixed PI window-based router controller. Due to the lower limit of the
maximum packet drop probability, the queue size of ARED does not approach the target buffer
occupancy (400 packets), while both the adaptive PI window-based router controller and the
fixed PI window-based router controller reach the target buffer occupancy (400 packets). At time
t=100s, 300 greedy ftp sources and 60 http sources were added. The instantaneous queue sizes of
both RED and the fixed PI window-based router controller exhibit sluggish response. The
instantaneous queue size of the fixed PI window-based router controller increases to more than
800 packets and some buffer overflow occurs between t=100s and t=140s. The queue size of
ARED adapts to the great traffic change and has great oscillations continuously around the target
buffer occupancy. Both the gain margin and the phase margin of the adaptive PI window-based
router control system has gone beyond their specified intervals, so the router controller self-tunes
and gives a new A4,=3 and ¢,=45 ° It can be seen that the instantaneous queue size of adaptive
PI window-based router controller still reaches around the target buffer occupancy (400 packets)
very quickly.

Figure 4.3 uses the average queue size to show more clearly the comparison of RED,
ARED, the fixed PI window-based router controller and our adaptive PI window-based router
controller. We can see that the average queue size of both RED and the fixed PI controller still
cannot reach the steady state value at time r=/00sec, while the average queue size of our
adaptive PI controller has already reached the target steady state value (i.e. reference queue size
400 packets) at time t=40sec. Although ARED reaches its steady state value at t=30sec, it still
cannot reach the target queue length as anticipated due to the lower limit of the maximum packet
drop probability. For the big traffic load level change at time #=100sec, the average queue size of

the adaptive PI controller does not appear to be sensitive to such change, and it reaches the
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steady state value (400 packets) at time ¢=110sec. The average queue size of ARED increases
slowly and will reach the target queue length (400 packets) beyond t=200sec (although not
shown here). On the other hand, RED and especially the fixed PI controller have reacted
unfavorably — both failed to reach the steady state even at time t=200sec. We make the
observation that the change of the average queue size in general corresponds well to the change

of instantaneous queue size.
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Figure 4.3: Average Queue Size Comparison among RED, ARED, Fixed PI Window-Based
Router Controller, Adaptive PI Window-Based Router Controller (REF_QS=400)
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4.3.1.2 Case with Small Traffic Change

In this case study, we keep the traffic fluctuation to within 30% of the original traffic in the
beginning of the experiment. We first use N=100 greedy ftp sources and 20 http sources between
the time t=0sec and t=100s, and then use N=70 greedy fip sources and 20 http sources between
the time r=100s and t=200s. Finally, we use N=130 greedy ftp sources and 30 http sources
between the time t=200s and t=300s.
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Figure 4.4: Instantaneous Queue Size Comparison of Adaptive PI Window-Based Router
Controller and Self-Tuning AQM Controller [ZhHo03]

Figure 4.4 shows the instantaneous queue size of our adaptive PI window-based router
controller and the self-tuning AQM controller in [ZhHo03] upon a small traffic change. At time
t=0s, the response time of our adaptive PI window-based router controller is shorter than the self-
tuning AQM controller. At time t=/00s, the number of active TCP flows has decreased. Since
both the gain margin and the phase margin are still within their respective intervals, our adaptive
PI window-based router controller remains unchanged. The queue size of our adaptive PI
window-based router controller does have a small spike upon this slight traffic change. On the
other hand, the self-tuning AQM controller in [ZhHo03] always self-tunes to give a new AQM
controller on any change of network environment. This can be seen clearly from the figure where
the queue size of the self-tuning AQM controller decreases till the buffer is nearly empty and
then increases to reach the target buffer occupancy (400 packets). Continuing on with our

observation. At time t=200s, the number of active TCP flows increases. Both the gain margin
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and the phase margin are still within their respective specified intervals, so our adaptive PI
window-based router controller remains unchanged except for a small spike again for its queue
size. The self-tuning AQM controller also produces a spike, but otherwise continues to self-tune
(with larger oscillations than our adaptive PI window-based router controller) before it reaches

the target buffer occupancy.
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Figure 4.5: Instantaneous Queue Size Comparison of Adaptive P and PI Window-Based Router
Controller

4.3.2 Performance Comparison of Adaptive P and PI Window-Based Router Controller

To confirm the advantage of the PI window-based router controller over the P window-based
router controller, we have run simulations under the same network scenario as in Section 3.1.
Figure 4.5 shows the instantaneous queue size comparison of our adaptive P window-based
router controller and our adaptive PI window-based router controller. It can be seen that the
average queue size of the adaptive P window-based router controller is around 550 packets,
which is higher than the target buffer occupancy (400 packets). Especially after time ¢=100s
when the number of active TCP flows increases, its average queue size increases to be
approximately 630 packets. On the other hand, the adaptive PI window-based router controller
always clamps the instantaneous queue size around the reference queue size (400 packets)

regardless of the dramatic change of Internet traffic.
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4.4 Adaptive PI Window-Based Router Controller with Heuristic Monitoring on TCP
Traffic

Since the method to calculate the gain margin and phase margin of the AQM control system in
Section 4.3 is complicated, it may not be easy for real-time implementation. Therefore, we would
also suggest another approach in this section. We will provide a simpler design by specifying a
proper phase margin @, only. Then we can obtain adaptive PI window-based router controller, as
discussed in Section 3.4.

To achieve this, we first examine Equation (3.9), and select a heuristic parameter a=7 /N to
monitor the changes of network environment. When the parameters N, 7 and ux of the network
change so greatly that result in | e~ Qoig|>MiIN{ Aoy, Aoia} (that 1S Gew>21q OF Cew<l/2 Qlo1a),
our adaptive PI window-based router controller will self-tune based on Equations (3.9) and
(3.10) and update dis=0ew- This has provided us the following design procedure:

Step 1: Estimate network parameters N, 7 and g, calculate the initial online heuristic monitoring
parameter =7 /N and specify the phase margin @,

Step 2: Obtain @, using Equation (3.11).

Step 3: Calculate the value of @, .
(3a) If we find that @), 7<7/4, then go to step 5.

Step 4: Recalculate @, by Equation (3.12).

Step 5: Obtain the integral gain K; using Equation (3.10).

Step 6: Use a=7w/N to monitor the change of network environment. Once we find

|a—a0| >min{a,,a}, then update a, =a and go to Step 2. Otherwise, PI window-based

router controller remains unchanged.
4.4.1 Performance Comparison of Adaptive and Fixed PI Window-Based Router
Controller with Heuristic Monitor
We verify our adaptive PI window-based router controller via simulations using OPNET
Modeler [OPNEOO]. The simulation scenario in Section 3.2 is reused. We compare the RED
algorithm [F1Ja93] and the fixed PI window-based router controller in [HoMiOla].
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Figure 4.6: Instantaneous Queue Size Comparison among RED, Fixed PI Window-Based Router
Controller, Adaptive PI window-Based Router Controller (REF_QS=400)

Figure 4.6 shows the instantaneous queue size of RED, fixed PI window-based router
controller in [HoMi0O1la] and the adaptive PI window-based router controller with a 45 phase
margin. At time t=0s, N=100 greedy fip sources and 20 http sources are used. It is obvious that
the adaptive PI window-based router controller shows a better response than RED. Its settling
time is much shorter than RED. Also the response time of the adaptive PI window-based router
controller is shorter than the fixed PI window-based router controller. Furthermore our method
shows less oscillation. At time t=100s, 300 greedy ftp sources and 60 http sources are added.
The instantaneous queue sizes of both RED and the fixed PI window-based router controller
exhibit sluggish response. The instantaneous queue size of the fixed PI window-based router
controller increases to more than 800 packets and some buffer overflow occurs between t=100s
and t=140s. Since the monitoring inequality |a-ay|>min{a, ap} is satisfied, our adaptive PI

window-based router controller self-tunes and gives a new @,=45° It can be seen that the
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instantaneous queue size of adaptive PI window-based router controller still reaches around the

steady state value quickly.

4.5 The Tradeoff between Delay and Utilization
Both queuing delay and link utilization are very important performance considerations in
designing AQM control system. Intuitively, a larger buffer leads to a higher link utilization, but it
also results in a longer queuing delay. While the RED controller cannot control the target queue
length x,, the queuing delay with the PI window-based router controller applied is essentially
controllable with respect to the target queue length xy, as shown in Figure 4.8.

Under the same simulation environment as in Section 3.2, we have performed experiments
to study the tradeoff among the mean queuing delay and the link utilization with respect to
various target queue lengths. Two scenarios are considered: (1) a network with pure 100 fip

(long-lived) flows; (2) a network with a mixture of 100 ftp and 500 http (short-lived) flows.
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Figure 4.7: Link Utilization versus Target Queue Length
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Figure 4.8: Queuing Delay versus Target Queue Length
In Figure 4.7, we plot the link utilization curve vs the target queue length for two scenarios
mentioned above. In both scenarios, the link utilization is an increasing function of xy. It is seen
that a small target queue length x; (e.g., xp=20) can already yield an extremely high link
utilization (e.g., 0.95) in Scenario 1, whereas a larger xy is needed to reach the same link

utilization when both ftp and http flows exist in Scenario 2. Beyond xy=40, there is not much
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difference between the two scenarios. As shown in Figure 4.8, the queuing delay 7, has a nearly
linear relationship with the target queue length xy, which confirms the formula z;=xy/u (where u
is constant link capacity here). It is shown that larger values of x, give longer queuing delay and

higher link utilization.

4.6 Concluding Remarks

We have applied the classical control theory to develop our adaptive P and PI window-based
router controllers for AQM in the IP routers in the Internet. Considering the tradeoff between the
response time and the stability of the control system, we can achieve better AQM performance
by selecting a proper interval of phase margin and/or gain margin (i.e., 30°<¢,<60° and
2<A4,,<4). The equations for monitoring the phase margin and gain margin of AQM control
system have been derived. We also can select a heuristic parameter and assign an interval to
monitor the change of the Internet environment online. Our adaptive P and PI window-based
router controllers self-tune only when the load changes in the Internet cause the phase margin,
the gain margin, or the heuristic monitoring parameter to drift outside the specified interval.
Otherwise, the controllers remain unchanged. OPNET simulations have demonstrated that with
our adaptive PI window-based router controllers applied, the AQM control system can adapt
very well to large fluctuations of Internet traffic, thus providing the network with a good

transient behavior.
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Chapter 5  Adaptive PI Rate-Based Router Controller for
SISO IP Router

Having designed the window-based SISO (Single-Input Single-Output) router controllers,
we now change our direction to study the rate-based router controller that can provide relatively
smooth source transmission rate for streaming media traffic. We propose an adaptive PI rate-
based router controller for AQM in the IP router supporting best-effort traffic in the Internet. We
can again achieve good AQM performance by assigning a proper interval of phase margin. We
can also select a heuristic parameter and assign an interval to monitor the change of the Internet
environment online. Similar to the controller in Chapter 4, once the changes of network
environment cause the monitoring parameter to fall outside the specified interval, our adaptive PI
rate-based router controller will self-tune. Otherwise, adaptive PI rate-based router controller

remains unchanged.

(8]

@ , qn (1)

Figure 5.1: System Model of SISO IP Router

5.1 Network Model for SISO IP Router Supporting Streaming Media Traffic

The SISO IP router under consideration accumulates multiple best-effort service traffic streams
and one guaranteed service traffic stream, as shown in Figure 5.1. There are N controlled source
nodes that transmit the streaming media traffic through IP the packets routed through SISO IP
router. The SISO IP router has a finite buffer space K to store the incoming packets and an
output link to serve them at a constant data rate of 4 The buffer in the router is organized into
two logical queues for the best-effort service traffic and the guaranteed service traffic

respectively. It is assumed that the service for each queue is FIFO (First-Input First-Output) and
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both queues share the same bandwidth of the output link. The queue for the guaranteed service
traffic has a higher priority for the service than the queue for the best-effort service traffic. There
are two kinds of time delays: (1) the varying forward time delay z; from the controlled source
node i to the router; which includes the propagation delay, the queuing delay and the processing
delay; (2) the varying feedback time delay 7,; from the router to the controlled source node i via
the destination, which also includes the propagation delay, the queuing delay and the processing
delay. The sum z=17;+1,; of these two kinds of time delay is what we call the varying round trip
time of the controlled source node i. The PI rate-based router controller is located in the router
and can calculate a desirable source window size (i.e., source transmission rate g,(r) ) based on
the instantaneous queue length of the buffer in the router. The controller then advertises it to the
source through the IP packet and the ACK packet, so that the source can regulate its current
transmission rate ¢,f) to provide the best-effort service traffic. There is also an uncontrolled
guaranteed service traffic flows (both local and from the upstream router) with input rate u(¢)
into the router.

From the model of the SISO IP router with a PI rate-based router controller in Figure 5.1,
the change of the queue length in the buffer of the router is the sum of the input rates of N best-
effort service traffic streams and the guaranteed service traffic stream minus the service rate. It

can be written as
56(1)=Zq,-(t-1ﬁ)+v(t)—u . (5.1)

5.2 Adaptive PI Rate-Based Router Controller Design

We propose an adaptive PI rate-based router controller that can achieve a zero queue deviation in
the IP router and avoid excessive buffer overflow. Every controlled source node is allowed to
send the packets into the network at its maximum allowed transmission rate in order to utilize the
slack bandwidth not used by the guarantee service traffic. Let x, be the target buffer occupancy
of the buffer in the IP router. Let Kp and K be the proportional gain and the integral gain, two

important parameters in our PI rate-based router controller design. Based on the instantaneous

queue length x(¢) of the buffer, the advertised transmission rate g,(¢) for the controlled source

node i can be obtained by the following PI rate-based router control algorithm:
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q:(t)=Kpe()+K, I;e(r)dr
=K (xo -x(O)+K [ (%o - X(1))d7 52)

It can be easily shown that the transfer function between the advertised source transmission
rate %®) and the queue deviation e(?) is

K
Cs)=Kp,+—L . (5.3)
M
It can also be seen from the control structure through Equation (5.2) that the advertised

®

source rate 7' is calculated based on the instantancous queue length of the buffer. Since the

advertised source transmission rate ) becomes the source rate qi(¢) after a feedback time delay

of 7;, we can write

qi(t)=q;'(t—'tbi) . (5.4)
By substituting Equation (5.4) into Equation (5.1), we can obtain the dynamic of the router

as
) N | N |
HO) =Y. qi(t =T -15) + () —p =2, q;t— ) +v® —p . (5.5)
i=t =1
Therefore, the transfer function between the instantaneous queue length x(¢) and the current
advertised source transmission rate 7@ is given by
N e‘”i
P(s)=Y . (5.6)
i=1

N
To simplify the controller design, we can approximate the standardized round trip time by

the average value 7 of 7, i.e., = 2:1 T"/ N Such control plant approximation has been widely
adopted in the industrial process control system design e.g., [AsWi95, AsHa95, AsHa92,
HoHo03], which also has found its application in network traffic control recently e.g., [KaHa02,
LoAnO5, HoMiO1b]. The validity of this approximation has been verified by our performance

evaluation later on. Therefore, under this approximation, we can update Equation (5.6) as

Ne—ST

P(s) = 5.7

5.2.1 PI Rate-Based Router Controller Design Based on Phase Margin
We will design our adaptive PI rate-based router controller based on its phase margin. Figure 2.3
is the AQM control system we consider for our PI rate-based router controller design. In this

AQM control system, the transfer function P(s) is the AQM control plant (a SISO IP router with
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N controlled source nodes) and the transfer function C(s) is the PI rate-based router controller for

AQM. We can define the open-loop transfer function of the AQM control system as

G(s) = P(s)C(s) = ¢ (KP +ﬁJ . (5.8)
N S
From the definition on the phase margin of G(s) [Ogat02], we can obtain
K
—£+arctan|: ng]—f—wg7=—7r+¢m ) (5.9)
2 |2

,/1<2a>2 +K}

with YrletRIN (5.10)

a)g wg

In order to compute the two unknown parameters, the proportional gain Kp and the integral
gain K; of the PI rate-based router controller, we first determine the relationship between the two

unknown parameters based on the known phase margin @,. From our many simulation results

(some of which shown in Figure 5.6 later on), the relationship Kp=@+3)K, [, (that is,

arctan[Kpa,/K;)]=57/12) is a good choice to achieve good AQM performance, where @, is the
gain crossover frequency of the AQM control system. Thus we can rewrite Equation (5.9) and
(5.10) as

Q+V3)K,0, /o,
KI

—7r+arctan[ }—a}gr=—7r+¢m , (5.11)

W2+3NK,

2
(Og

with 1 (5.12)

Using the relationship X, =(2+43)X, /w, , we can obtain Kp and K; from Equations (5.11) and

(5.12) as
KP=\/2+J§(25;/12-¢",) , (5.13)
T
K, =87/12-4.)" (5.14)
22 ++3N7?

When the network parameters (V and 7) change while keeping the two controller parameters
Kp and K; unchanged, we have to force the phase margin to change. Using Equations (5.9) and

(5.10), we obtain ¢, and @, based on the current parameters Kp and K as
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K
b, =arctan|:—11;w—g}—a)gr , (5.15)

I
with co;—Nsz,a);—NZKIZ=O , (5.16)
where the smallest positive real root of Equation (5.16) is the default value of the gain crossover
frequency @, which is then used to calculate the phase margin of the AQM control system by
Equation (5.15), i.e.,
N?K2+NyN?K% +4K?
a,g=\/ P PR (5.17)

2
We will apply Equations (5.15) and (5.17) to monitor the phase margin of AQM control

system. When the network parameters (i.e., the number N of active controlled sources and the
average round-trip time 7) change so significantly that the system phase margin falls outside its

specified interval, the PI rate-based router controller need to self-tune to give a new ¢, value.

Another method to monitor the network environment

Since the above method to calculate the phase margin of the AQM control system is
complicated, it may be time consuming for real-time implementation. Therefore, we would also
suggest another approach. From Equation (5.15), we can see that the phase margin ¢, is a
function of 7 and @, while @, is a function of N according to Equation (5.17). Based on Lemma
5.1 below, the phase margin would decrease when the average round trip time 7 increases. Also
based on Lemma 5.2, we can verify that the phase margin decreases when the number N of the
active controlled sources increases. Therefore, based on our practical experience from many
simulation results (some of which shown in performance evaluation later on), we observe that we
can choose a parameter a=N7 to monitor N (the number of the active controlled sources) and 7
(the average round trip time) instead of using the phase margin ¢,. When the network parameters
N and 7 change so greatly that causes the monitoring parameter to change such that| e~
Coid| > 0.5min { Gyey, Aora} (that is uen™>1.5 A1q OF e <0.6 1), our adaptive PI rate-based router
controller will self-tune based on Equations (5.13) and (5.14) ,and then update c;=en. We
will adopt this method to monitor the change of the network environment in our performance
evaluation later on.

Lemma 5.1:
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If the current average round trip time © is longer than the previous average round trip time 7
(that is, v > 1), and the PI rate-based router controller is designed based on the previous average
round trip time 7, then the AQM control system with the current average round trip time t© will
have less phase margin than that with the previous average round trip time 7 (that is, ¢, <4, ).

Proof:
From Equations (5.13) and (5.14), we obtain the PI rate controller C(s)=K, X for AQM
N

control system based on the average round trip time 7. For the AQM control system with the

average round trip time 7, the open-loop transfer function is G(s) = (K,, +&Jﬂe'”. Then from
s N

the definition of the phase margin [Ogat02], we can obtain

K,w
~Z  arctan| 2% —-z—a)gt=—7r+¢m , (5.9
2 K, | 2
which can be simplified as
Kro,
$,, = arctan -@,T (5.15)
KI
JK20? +K? , 1/1<2a;2+1<2
PO 700 N | -jor| NZPPe TR0 N (5.10)
wg wg a)g a)g

Similarly, for the AQM control system with the average round trip time *, we can also

obtain
: Kew, | ..
#,, = arcta X -0t (5.18)
I
,/K;wjm; N s ,/K;w';m; N
_—e /% =—-'———'—=1 . (5.19)
wg a)g wg wg

From the Equations (5.10) and (5.19), we can determine that “s = “ . Therefore, based on

Equations (5.15) and (5.18), we can obtain
b, ~0, =0, T-@,T =(og(r—t')<0 . (5.20)

Lemma 5.2:

If the current number of active controlled source nodes are more than the previous active
controlled source nodes (that is, N' > N') and the PI rate-based router controller is designed based

on the previous N active controlled sources, then the AQM control system with the current N
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controlled source nodes will have less phase margin than that with the previous N controlled
source nodes (that is, ¢, <4, ).

Proof:

As discussed in Lemma 5.1, for the AQM control system with N controlled source nodes, and
from the definition of the phase margin [Ogat02], we can obtain Equations (5.10) and (5.15).
Then we can obtain the gain crossover frequency @, of the AQM control system, which is the

smallest positive real root of Equation (5.10), i.e.,

N%K? +N,/N2K4 +4K?
wg=\/ i P (5.17)

2
From the definition of the gain margin [Ogat02], we can obtain
Koo
-2 arctan ——2|-Z _p 1=—1 ,
2 )2

which can be simplified as

Kpo
—7r+arctan( II; pJ—wp1:=—7r , (5.21)

I

where @), is the phase crossover frequency of the AQM control system.

Similarly, for the AQM control system with N controlled source nodes, from the definition

of the phase margin [Ogat02], we can obtain

. Kro, .
#,, =arctan -w,T , (5.22)
KI
1/K2a)'2+1<2 o 1/K2a)'2+K2 '
_Pg_’_i o " =$.—1—L=1 . (5.23)
a)g wg wg a)g

We can also obtain the gain crossover frequency w_ , which is the smallest positive real root of
Equation (5.23), i.e.,
2 ' 2
. |[N'KL+N \/N Kj+4K}
a)g=\/ 7 > P (5.24)
From the definition of the gain margin [Ogat02], we can also obtain

K,0 :
—7r+arctan[—lp<—pJ—a)pt=—7r . (5.25)

I

Finally, from the Equations (5.21) and (5.25), we can show that a);, =a,.

By drawing the Bode plot of the transfer function G(s), we can find the following useful
Relationship 5.1 analytically.
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Relationship 5.1:

If there exists the frequencies o, <o, <o, <o,, then we will have —n:aréG(jnp))SaréG(mz))

<arg(G(jo,)) < arg(G(jo, )= -n + ¢, and AL _[GGo,)| < |66 @, < |Go,)| <|GGw, )| =1, and vice versa.

This will be shown in Figure 5.2 later on.
Let @ and @, be the gain crossover frequency and the phase crossover frequency of the
AQM control system with N controlled source nodes respectively. In order to find the

relationship between the phase margins %n and ¢’", we let ©2 7% <% @ and 1 =% a5 two
different frequency points. Then from Equations (5.17) and (5.24), we can show that

0, =0, <0, =0, <O, =0

.  Applying the Relationship 5.1, we <can obtain

-m= arg(G(j(:)p )) < arg(G(jm;)) = arg(G(jwz)) < arg(G(ja)l)) = arg(G(jc)g ))’ ie.,
~T+, = arg(G(jm'g ))< arg(G(jmg ))= ~T+¢, In other words, we have B <bn .

5.2.2 Fairness among Rate-Based Router Controlled Sources

Most congestion control algorithms show that the fairness can be achieved when the system
reaches its steady state as t—> [KeMa98]. We define fairness here to be the condition that all
the controlled sources have the same steady transmission rate. From the PI rate-based router
control algorithm in Equations (5.2) and (5.4), we can see that every controlled source node i
always tries to transmit the data into the network at the maximum allowed rate as advertised by
the router. When the queue length of the IP router reaches its steady state, the fairness among the
rate-based router controlled source nodes is considered to be achieved, as shown in our

performance evaluation of Figure 5.7 and Figure 5.8 later on.

5.2.3 Implementation of Rate-Based Router Control Protocol for SISO IP router

To be compatible with the current dominant TCP/IP protocol in the Internet, we convert the
advertised source transmission rate into an advertised window size for the controlled source
nodes. Similar methods have been well accepted in the analysis of TCP/IP networks e.g.,
[KaHa02, KaKa00, LoAn05]. Thus the advertised window size win;(t) for the controlled source
node i is computed by

win,(t)=17,-9,(t) - (5.26)
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Considering Equation (5.4), we can obtain the window size win(f) for the controlled source node
ias

win () =17, q;() =7, q;(t —7y;) = win,(t - 7;) > (5.27)
where the window size must be an integer confined to be between 1 and the maximum window
size win™ allowed for the controlled source node i, i.e., 1 < win,(¢) < win™*.

Two important mechanisms of our PI rate-based router controller design are to estimate N
(the number of the active controlled source nodes) and to estimate 7 (the average round trip time)
based on the round trip time 7; between the controlled source i and its destination. This is done as
follows:

(1) We use the specific address queue to store the source addresses of the incoming IP packets
from the controlled sources:

(1a) the source address of each IP packet under processing will enter as a “packet” into the
address queue per packet interval (i.e., equal to a packet processing time). However,
this is ignored if the same source address is found,

(1b) the address queue will drop the “packet” at the head of the queue per average round
trip time in order to evict the inactive controlled source address “packet” from the
address queue. Therefore, the source address queue size can approximate the number
N of the controlled source nodes.

(2) We compute the average round trip time 7 using the averaging filter method proposed by

[FlJa93], i.e.,

(M =0-w)y@-D+w,z, i=1--,N . (5.28)
where we recommend the averaging weight w, to be w,=I/N based on Relationship 5.2 in the

following.

Relationship 5.2:

If (N-1) controlled source nodes transmit IP packets to their destinations through the router, then

the average round trip time is 1 = Z:‘ T, /(N -1). The Nth controlled source starts to transmit the

IP packets routed through the router, so the new average round trip time becomes

T=Z,Zl’i/N=((N-1)T' +TN)/N=(1—1/N)T'+rN/N.
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As a whole, to implement the PI rate-based router control algorithm in the IP networks, we
need to define two fields in the IP packet header:
(1) the round trip time 7: this can be estimated by the source using the method proposed by
[Stev9o4];

(2) the advertised window size win,(¢) : the original value is set to be win[™ .

Normally an IP packet sent from source i will be routed through a series of AQM routers
before it reaches the destination. In order to prevent all the routers from congestion in the
Internet, the router will compare the current advertised window size with the advertised window
size field on the IP packet, and then record the smaller value in the header of IP packet. After an
IP packet reaches its destination successfully, the advertised window size is extracted from the

header of IP packet and then integrated into its ACK packet. When the source receives the ACK
packet, it extracts the advertised window size Win from the ACK packet and replaces the

current window size win(¢).

5.3 Adaptive PI Rate-Based Router Control Algorithm
We will design an adaptive PI rate-based router controller for AQM in the SISO IP router in the

Internet and regulate the source transmission rate according to the following procedure:

Router Behavior:

Step 1:  Specify a proper phase margin in the range of 30°<¢,,<60° for the AQM control system.

Step 2: Estimate the number N of the controlled fip sources based on the source address queue
size, extract the round trip time 7; from the header of the IP packet and then calculate
the average round trip time zbased on Equation (5.28);

Step 3: Calculate the initial value ap=N7 for monitoring the change of the network traffic.

Step 4: From Equations (5.13) and (5.14), obtain the proportional gain Kp and integral gain K;
of the PI rate controller.

PI rate-based router controller online implementation:

Step 5: Apply the PI rate-based router control algorithm in Equation (5.2) to calculate the
advertised source transmission rate q;_m based on the instantaneous queue length x(¢)

of the buffer.
Step 6:  Apply Equation (5.26) to calculate the advertised window size win, ,,,

Step 7: Compare the current advertised window size win, ,,, with the advertised window size
field win,; ,, of the IP header.
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(7a) Set win; ,, = win; ,,, if we find that win; ., <win, ,,;

n

(7b) Otherwise, the advertised window size field win; ,, remains unchanged.

Real-time monitoring the network environment:

Step 8: Calculate the current monitoring parameter a=N7.

(8a) If we find that |a - a0| > 0.5 min{ao,a} , then update a, = & . Go to Step 4.

(8b) If we find that |a - a0| <0.5min{e,,a}, PI rate controller would not self-tune, go
to Step S.

Destination Behavior:

Step 9: Extract the advertised window size win, from the header of the IP packet and then
integrate it into the ACK packet when IP packet arrives in the destination.

Source Behavior:

Step 10: Extract the advertised window size win, from the ACK packet and then regulate the
current source transmission rate after the source receives ACK packet.

5.3.1 An Example

To illustrate the above design procedure for an adaptive PI rate-based router controller, we will
consider an AQM router with 700 controlled ftp source nodes (i=1, ..., 100) in the experiment in

Section 5.4.1.

Table 5.1: Round Trip Propagation Delay (RTPD) Configuration for Section 5.4.1

Source ID RTPD(ms) | Simulation Time
t (sec)
ftp 1 to 20 80 0<t<320
ftp 21 to 40 120 0<t<320
ftp 41 to 60 160 0<t<320
fip 61 to 80 200 0<t<320
ftp 81 to 100 240 0<t<320
http 1 to 20 80 0<t<320
http 21 to 40 120 0<t<320
http 41 to 60 160 0<t<320
http 61 to 80 200 0<t<320
http 81 to 100 240 0<t<320
uncontrolled ftp 160 0<t<320

The round trip propagation delays between the controlled ftp source nodes and their

destinations are shown in Table 5.1. Considering the queuing delay, we can approximate the
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average round-trip time 7 for /00 controlled ftp sources as 7=0.25s. Therefore, the open-loop

-0.25s
G(s) = %[KP + EJ_)
Ay .

transfer function of the AQM control system can be represented by s

Then we specify the phase margin as ¢,,,=450. Based on Equations (5.13) and (5.14), we get the

C(s) = 0.0202 + 22114
PI rate-based router controller )= s . The adaptive PI rate-based router controller

will now calculate the advertised source transmission rate and integrate the converted advertised
source window size into the IP packets from the controlled sources so that each controlled source
can regulate its transmission rate to provide the best-effort service traffic. We use a heuristic
parameter a=N7 to monitor the change of network parameters (N and 7). As soon as the
monitoring parameter o goes outside its specified interval, our adaptive PI rate-based router

controller will self-tune.
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Figure 5.2: Frequency Response for the AQM Control System with Adaptive PI Rate-Based
Router Controller

Figure 5.2 is Bode plot for the frequency response of the AQM control system in the
frequency range of 0./<w <7. Both the magnitude |G(s)| and phase £G(s) are decreasing
function of w in range of @, and @, as expected. It is shown that the phase margin of AQM
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control system with the adaptive PI rate-based router controller has been pegged at

Gn=1 800+ZG(ja)g)=450 as desired.

5.4 Performance Evaluation of PI Rate-Based Router Controller

Since our PI rate-based router controller can regulate the source transmission rate over time for
AQM in the router and can provide best-effort service, we are particularly interested in analyzing
the transient behaviors of the network. Transient behaviors such as the duration of the response
time and the maximum transient queue length are the main concerns in the performance
evaluation. We have verified our adaptive PI rate-based router controller using OPNET Modeler
[OPNEO0O0]. We consider two types of TCP Reno sources in the simulations — the long-lived
sources (i.e., controlled ftp sources for best-effort service traffic and uncontrolled ftp source for
guaranteed service traffic); and the short-lived sources (i.e., http sources), as described in
Chapter 3.

We have conducted simulations for AQM control system with our adaptive PI rate-based
router controller under the case of varying controlled source nodes (that is, N changes) and the
case of constant controlled source nodes (that is, N does not change). To validate our PI rate-
based router control algorithm, we have made performance comparison with the AIMD control
using RED [F1Ja93] and the AIMD control using PI-RED [HoMiOla] under the network
environment comparable to [HoMiOla]. In the following simulations, all IP packets have the
same size of 1024 bytes. The link bandwidth (i.e., service rate of AQM Router 1) is T3
(44,736,000bps, i.e., 5,46Ipackets/sec). The buffer size of the AQM Router is 7000 packets
based on the different bandwidth-delay product [HoMiOla]. The maximum window size allowed
for all the TCP sources is 1000 packets. The target buffer occupancy is 400 packets. The
sampling time for PI rate-based router controller and PI-RED controller [HoMi0O1la] is chosen to
be per packet interval (i.e., 0.183ms) [F1Ja93]. The phase margin for the AQM control system

with an PI rate-based router controller is ¢,=45’.

5.4.1 Case With Constant Controlled Source Nodes

We first investigate the case where the number of controlled ftp source nodes is fixed. The
window size of the uncontrolled source is different in different active period, as shown in Figure
5.3. Then we compare the RED algorithm [F1Ja93] and the PI-RED controller in [HoMiOla].

Table 5.1 provides the round trip propagation delays and the active periods (i.e., simulation time)
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for 100 controlled ftp sources, / uncontrolled ftp source and 700 http sources. To allow further
comparison, we adopt the comparable RED parameters as in [HoMiOla]. That is, the maximum
drop probability pmax is 0.1; the maximum queue threshold maxy is 700; the minimum queue
threshold miny is 150; the queue weight w, is 1.33x1 0. We adopt Equations (6) and (7) in
[HoMiOla] to calculate the PI-RED controller based on the estimated parameters (N=100, 7
=0.25s and p=3,461packets/sec) of the current network. Figures 5.3 to 5.5 below demonstrate
the comparison of various instantaneous performance measure of the uncontrolled ftp source and
that of the controlled ftp source node 4/ (whose RTPD=160ms) among the RED controller, the
PI-RED controller and the adaptive PI rate-based router controller as the uncontrolled traffic

changes.
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Figure 5.3: Instantaneous Queue Length Comparison among RED, PI-RED Controller and
Adaptive PI Rate-based Router Controller

Figure 5.3 compares the instantaneous queue length of the RED controller, the PI-RED
controller and the adaptive PI rate-based router controller as the uncontrolled traffic changes. It

can be seen that the queue length in the RED router fluctuates with a large amplitude. The PI-
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RED controller can clamp the queue length around the target buffer occupancy (400 packets),
but its queue length oscillation is still noticeable. With our adaptive PI rate-based router
controller applied, the queue length remains around the target buffer occupancy, and is quite
stable upon the changes of the uncontrolled traffic.

Figure 5.4 compares the instantaneous window size of the uncontrolled fip source and that
of the controlled fip source node 4/ (whose RTPD=160ms) for the RED controller, the PI-RED
controller and the adaptive PI rate-based router controller as the uncontrolled traffic changes. It
can be seen that both window sizes of the RED and the PI-RED controller have great fluctuation,

while that of our adaptive PI rate-based router controller has slight oscillation.
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RED Controller and Adaptive PI Rate-Based Router Controller
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Figure 5.5 shows compares the instantaneous transmission rates of the controlled ftp source
node 41 (whose RTPD=160ms) for RED, PI-RED controller and adaptive PI rate-based router
controller as the uncontrolled traffic changes. Both transmission rates of the RED and the PI-
RED controller exhibit large fluctuation. Our adaptive PI rate-based router controller provides a
relatively smooth source transmission rate. Other controlled ftp source nodes have comparable

transmission rates.
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Figure 5.5: Instantaneous Transmission Rate Comparison for Controlled ftp Source among RED,
PI-RED Controller and Adaptive PI Rate-based Router Controller

5.4.1.1 Impact of Phase Margin on AQM Performance of SISO IP Router

In order to demonstrate the impact of the phase margin on the transient response of our AQM
control system, we have performed OPNET simulations for different phase margin respectively
under the same network environment as Section 5.4.1 for the time between ¢=0s and t=120s. The
uncontrolled guaranteed service traffic flows into the AQM router with a constant window size

of 100 packets. We use the notation PM to stand for phase margin.
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Figure 5.6 shows the instantaneous queue length of the AQM router under different phase
margins. As evident from Figure 5.6, when the phase margin increases, the settling time
increases. If the phase margin is set to a negative value (e.g., —/0degree), from the viewpoint of

classic control theory, the queue length should become unstable, as demonstrated in the top

figure of Figure 5.6.
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Figure 5.6: Instantaneous Queue Length of AQM Router upon Different Phase Margin
5.4.2 Case with Varying Controlled Source Nodes

In this case study, we allow the number of active controlled ftp source nodes to vary. There are
25 controlled ftp source nodes and one uncontrolled guaranteed ftp source node transmitting the

IP packets through the router. At the same time, there are 25 http sources sending data through
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the router. Table 5.2 provides the round trip propagation delays and the active periods (i.e.,
simulation time) for the controlled ftp sources, uncontrolled ftp source and http sources. The
window size of the uncontrolled source is fixed within different active periods, as will be shown

in Figure 5.7.

Table 5.2: Round Trip Propagation Delay (RTPD) Configuration for Section 5.4.2

Source ID RTPD(ms) | Simulation Time
t (sec)
fiplto5 80 0<t<320
ftp 6 to 10 160 0<t<320
fip11to 15 240 0<t<320
ftp 16 to 20 280 160<t<320
ftip 21 to 25 340 160<t<320
http 1 to 5 80 0<t<320
http 6 to 10 160 0<t<320
http 11 to 15 240 0<t<320
http 16 t020 280 0<t<320
http 21 to 25 340 0<t<320
uncontrolled fip | 160 0<t<320

Figure 5.7 shows the instantaneous window size and transmission rate of the uncontrolled
fip source, the instantaneous transmission rate of the controlled ftp source 1 whose round-trip
propagation delay (RTPD) is 80ms, and the instantaneous queue length of the AQM Router 1
respectively. Figure 5.8 shows the instantaneous transmission rates of the controlled ftp source
nodes (i=6,11,16,21) with different typical RTPD (as shown in Table 5.2).

At time t=0s, the 15 controlled ftp source nodes (i=1,2,..., 15) start to transmit the packets
into the network. The open-loop transfer function of the AQM control system is approximated by

—0.25s
G(s) = 12¢ [KP LSt
N

0.0757
s /. Then we can obtain the PI rate controller

C(s) = 0.1349 +

. The

controlled source node / starts to increase its transmission rate till it reaches a steady state of
about 2.5Mbps at the time around 20s. The instantaneous queue length increases and approaches
its target buffer occupancy (400 packets). It starts to clamp its steady state around 400 packets at
the time about 20s, as shown in Figure 5.7. At time =80s, uncontrolled ftp source increases its
window size from 200 packets to 500 packets, the controlled source node / starts to decreases its

transmission rate and starts to maintain a rate of around /.78Mbps at the time about 92s. The
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instantaneous queue length increases till reaches its peak at the time about §2s. Then it decreases
and approaches to its target buffer occupancy (400 packets). At time t=160s, another 10
controlled fip sources (i=16,17,..., 25) start to send the packets to the destination through the
router. The monitoring parameter fall outside its specified interval, so adaptive PI rate controller
self-tunes. Both new proportional and integral gain of PI rate controller decrease, which causes
all 15 controlled ftp source nodes (i=1,2,..., 15) to reduce their transmission rates sharply, as
shown in Figure 5.7 and Figure 5.8. Therefore the instantaneous queue length decreases and then

approaches the target buffer occupancy (400 packets) very quickly. At time t=240s, the
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uncontrolled guaranteed traffic decreases. The controlled source node / increases its
transmission rate from /./Mbps to /.6Mbps. The instantaneous queue length decreases and then
approaches to the steady value x, = x, = 400packets at time t=258s. The transmission rates of the
other controlled ftp source nodes (i=6, 11, 16, 21) have similar changes as the source node /, as

shown in Figure 5.8. The controlled ftp source nodes with the same RTPD have the similar

transmission rates.
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5.5 Concluding Remarks
We have developed an adaptive PI rate-based router controller for the AQM router supporting
best-effort service traffic in the Internet. Considering the tradeoff between the response time and
the stability condition, we can achieve a better AQM performance by selecting a proper phase
margin. The PI rate-based router controller can clamp the steady-state value of the queue length
around the specified target buffer occupancy. Every source node always tries to transmit the IP
packets at a maximum allowed transmission rate to support the best-effort service traffic, so that
is can use the unused bandwidth left behind by the guaranteed service traffic and therefore make
maximize use of the network resources. We have demonstrated by OPNET simulations that with
our adaptive PI rate-based router controller applied, the AQM control system can adapt very well
to both the fluctuation of the uncontrolled guaranteed traffic and the dramatic changes of the
network environment, thus providing the IP network with good stability robustness. The
relatively smooth source transmission rate makes our adaptive PI rate-based router controller
quite suitable for the rate control of streaming media transmission such as voice over IP in the
Internet [HaF103].

Again, we would like to reiterate that our controller is developed based on control theory

which, as demonstrated, can always guarantee the stability of our AQM control system.
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Chapter 6  Adaptive Multiloop PI Rate-Based Router
Controller for MIMO IP Router

Unlike previous chapters on SISO routers, we shall explore the MIMO (Multiple-Input
Multiple-Output) territory. We shall design an adaptive multiloop PI rate-based router controller
for the MIMO IP router to support best-effort streaming media traffic in the Internet. Our
controller design employs the DNA (Direct Nyquist Array) method that would allow users to
achieve a good stability robustness of the control system through the gain and the phase margin
specifications. The controller for the dominant loop i self-tunes only when the changes in

network environment cause the monitoring parameter to drift outside the specified interval.

3
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Figure 6.1: Multiple-Input Multi-Output Model of IP Router

6.1 Network Model for MIMO IP Router Supporting Streaming Media Traffic

The central square box and the output buffer in Figure 6.1 depict the MIMO model of an IP
router in the Internet. There are N input ports and N output ports. The controlled source nodes
are routed through a MIMO IP router consisting of N input ports and N output ports. Each input
port i receives streaming media IP packets from M; controlled sources. Each output port i of the

router has a finite buffer space K; to store the incoming packets and serves them at a constant

data rate of 4. The buffer in every output port is organized into two logical queues for the best-
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effort service traffic and the guaranteed service traffic respectively. It is assumed that the service
discipline for each queue is FIFO (First-Input First-Output), and both queues share the same
bandwidth of the output link. The queue for the guaranteed service traffic has a higher priority
for the service than the queue for the best-effort service traffic. In the following, we shall let “/|i"
to represent controlled source j that transmits IP packets routed through the input port i of MIMO
IP router.

It is assumed that the majority of the traffic into the input port i flows out of the output port

N N
i, and therefore only a small portion flows to other output ports. That is, Zal =1 and % > 2% ,

i<1i%
where g is traffic distribution ratio from the jzh input port to the ith output port. The internal
processing time delays between the input ports and the output ports are so short that they can be
neglected. Therefore we only consider two kinds of time delays: (1) the varying forward time
delay 7 from the source node j|i to the input port i of the router, which includes the propagation
delay, the queuing delay and thye processing delay; (2) the varying feedback time delay z,;; from
the output port i/ of the router via the destination before returning back to the source node j|i
(that transmits the packets into the input port i) This also includes the propagation delay, the
queuing delay and the processing delay. As in Chapter 5, the sum =75+ 17, of these two kinds of
time delay is what we call the varying round trip time between the output port i of the router and
the source node j|i.

The PI rate-based router controller is located in every output port i of the MIMO IP router.
Based on the instantaneous queue length x(#) in the buffer of the output port 7, the PI rate-based

router controller can calculate a desirable advertised window size (i.e., advertised transmission

rate q"'f(t)) for the respective source node. The advertised window size is recorded in the IP
packet going to the destination and then transferred to the ACK packet for the controlled source
node j|i. After extracting the advertised window size from the ACK packet, the source node j|i
can regulate its sending rate g;(¢) to offer best-effort service traffic. There is also an uncontrolled
guaranteed service traffic flows (both local and from the upstream router) with an input rate v(¢)
into the input port i.

From the MIMO model of the router in Figure 6.1, the change of the total queue length in
the output port i of the router is the sum of the input rates of both best-effort service traffic and

guaranteed service traffic minus the service rate. It can be written as
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N M, N
xi(t)=20‘iquj'k(t—7ﬁk)+Zaijvj(t)—/‘i i=12,---,N . (6.1)
o kel =

6.2 Adaptive Multiloop PI Rate-Based Router Controller Design

Our design is to support the best-effort service traffic while preventing congestion in the
network. Every controlled source node is allowed to send the packets into the network at its
maximum allowed transmission rate in order to utilize the slack bandwidth not used by the
guarantee service traffic. Let xq; be the target buffer occupancy of the output port i of the MIMO
router. Let the parameters Kp; and Kj; be the proportional gain and the integral gain of PI rate-

based router controller for the ith output port of MIMO IP router respectively. Based on the

instantaneous queue length x{(f) of the buffer, the advertised transmission rate g¢,(r) for the

respective source node jji will be regulated by the following PI rate-based router control

algorithm.
a5 () =Kpe, () +K,, L,‘ei(r)dtr 62
= Ky (g =% (0)+ Ky [, (i —x;(7))de

It can be easily shown that the transfer function between the advertised transmission rate
95®) and the queue deviation e,(¢) is given as
K,
ci(9)=Kp+—L (6.3)
N

which forms the diagonal multiloop PI rate-based controller transfer function matrix C(s) as

C(s) = ey () 0 () ()] - (6.4)
Equation (6.2) says that the advertised source rate g,(r) is calculated based on the instantaneous
queue length x{(7) of the buffer. The advertised transmission rate g,(r) becomes the source rate
g;(f) after the feedback time delay 7;, which can be expressed as

g; (0 =q;-1y) (6.5)
Therefore, by substituting Equation (6.5) into Equation (6.1), we can obtain the dynamic of the

router as
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N
xi(t)zzayijk(t ok — Tﬁk)+2atj V() ~ H;
J= (6.6)

N
=Zay qjk(t ]k)+zay J(t) H; i=152,"'9N

Therefore, the transfer function between the queue length x,(f) (of the output port i) and the

advertised transmission rate g, (r) (for the controlled source node j|i that transmits the packets
(best-effort service traffic) into the input port ) can then be obtained as

a; M; e TS
Py = ;—"s‘— , (6.7)
which forms the general open-loop transfer function matrix P(s) for the stable N x N AQM

control plant (i.e., our MIMO IP router shown in Figure 6.1) represented by

l:l’n(s) plN(S)jl
P(s)=|
Pni(s) o pwi(s)

To simplify the controller design later on, we can adopt the approach of [KaHa02] to

approximate the round trip time for the dominant loop i by the average value T of T, 1.€.,

= = Zﬁ'] Ty

"~ M, . Such approximation for control plant has been widely adopted in industrial process

control system e.g., [AsHa92, AsHa95, HoHo03], and acceptable in network traffic control as
well e.g., [KaHa02, LoAn05]. This has also been verified by our performance evaluation later

on. Therefore, under this approximation, we can update Equation (6.7) as

a,M e
py=——— (6.8)

N

which forms the general open-loop transfer function matrix P(s) as

-Tys

I aMe™  a,M,e™ ayM,e
s s s
ayMe™  a,M,e " o aM e
P(s) = s s _ s (6.9)
awMe™  ayuMe™  aywMye™
L N S s ]

6.2.1 The DNA Design Method
We will make use of the DNA Stability Theorem (summarized in Appendix C) to design our

adaptive multi-loop PI rate-based router controller. Unlike the trial and error approaches in the
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previous DNA design method, we shall shape the Gershgorin bands using an analytical approach
that is based on the gain margin specification. Figure 2.3 depicts the block diagram of the control
system we consider for our adaptive multi-loop PI rate-based router controller design. In this
AQM control system, P(s) is the AQM control plant (the MIMO IP router with controlled
sources) discussed above. The transfer function matrix C(s) is the multiloop PI rate-based router
controller. Therefore, we can define the open-loop transfer function of MIMO AQM control

system as
I:g“'(S) glN(s):|
G(s) = P(s)C(s) = :
gm(s) - gw(s)

K,
ci(s)=Kp +—4
s

Since the PI rate-based router controller regulates the advertised source

transmission rate 97¥) based on the queue length x,(7) of the output port i, each diagonal element
gii(s) of G(s) is the target of our multi-loop controller design, while the other elements gj(s) (=)

in the same column can be considered as the interaction on the diagonal element.
A

[y

. 1
—_ ’gii(/wpi)( =A_Mi

B

Mi

Gershgorin Circle

-1 1

Z’g ji (ja)pi)|

J#i

g (o)

Figure 6.2: A Typical Nyquist Diagram with Gershgorin Circle at the Phase Crossover
Frequency

Figure 6.2 is a typical Nyquist curve of a diagonal element g;{jw) with one of Gershgorin

circles shown at its phase crossover frequency a,. The Gershgorin band (as mentioned

informally before) consists of a band of many such circles with centers g;{(jw) and radii

Zj,j::i

gpjo)| for 0<ij<N By focusing on point B in Figure 6.2 where a particular
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Gershgorin circle intersects the negative axis at the phase crossover frequency ay; of gi(s), we

. 1
can define the gain margin of this Gershgorin circle centered on g;(s) to be A = IE|.

We want to shape the Gershgorin bands of circles by specifying the gain margin

Ay i=1- N

of each circle so that it does not encircle the point (-1+j0) in order to achieve

system stability according to the DNA Stability Theorem [Maci89]. Note that the gain margin

A in a SISO control system only defines one point and cannot guarantee that its Nyquist curve
does not encircle the point (-1+j0). However, we can extend this SISO technique of shaping the
Nyquist Curves to the Gershgorin bands by specifying the gain margin, which is a well-accepted
technique in practice and in classical control. This is done as following:

By using a simple geometry in Figure 6.2 substituting from Equation (6.9) and considering

N
,Za" , the gain margin A, of g;(s) can be expressed in terms of A as
Ay = Ay 1+ Z—‘—M g{ kil )|
lex o)
2 =il Pji (o, )"cﬁ (Jo, )|

=4y 1+ |P a(J D p; )"c,-,- (jwpi )|

i —Jjout; -j@,T
=A1Iu‘ 14 Zj,j:i pji(.,wpi)l =A1'M~ 1+ a;M.e |a M.e s
|pii (jwpl)| 77 jwpz |
, o . a,.,.+ e & i
=AM,' 1+ ZJ,; J = AM,‘ E};]* J!
=4,/

(6.10)
Equation (6.10) says that the gain margin Ay of gi(s) can be readily obtained as long as the

parameters A and a; are known. Therefore designing a PI rate-based router controller for a

given gain margin Ay becomes a classical control problem [Ogat02]. From Equations (6.3),

(6.4), (6.8) and (6.9), we can obtain the open-loop transfer function of the dominant loop i as

a.M.e™H K.
gﬁ(s)=pii(s)cii(s)=—"—'—[Kpi +—b) . 6.11)

s

From the definition of the gain margin [Ogat02], we can obtain

Ko .
—£+arctan( it )—Z—a} T=—r , (6.12)
2 K
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aiiMi‘\'K}Z’ia);i +K7 1 (6.13)

2
@, A

In order to compute the two unknown parameters, the proportional gain Kp; and the integral
gain Ky of the PI rate-based router controller, based on the known gain margin A4,;, we first
determine the relationship between the two unknown parameters. From our many simulation

results (some of which shown in Figure 6.8 and Figure 6.9 later on), the relationship

Kn =@ +V3K,/ ®# is a good choice to achieve good AQM performance, where @p; 1s the phase

crossover frequency of the dominant loop i. Thus we can rewrite Equations (6.12) and (6.13) as

pi*i

T ((2+\/§)K1ia)pi /a)pi] V4
—7+arctan

X, -5 T=-7 , (6.14)

W2+\Ba; MK, 1

2
@, Api

and

(6.15)

Using the relationship K, = 2++3)K, /w, and Equation (6.10), we can obtain Kp; and Kj; from
Equations (6.14) and (6.15) as

_5y2+437/12

Kp =¥="—"*""""= 6.16
" 2A1'WtM11_.t ( )
2
Ky =— 1) (6.17)
2\/54' \E"iMiMi?i2

When the network parameter M; and 7 for the dominant loop i changes, PI rate-based router
controller parameters Kp; and Kj; for the dominant loop i do not change, and this will force the

gain margin to change. We can simplified Equations (6.12) and (6.13) as

Ii

Kot
arctan(ﬂ]=wpi?i , (6.18)

2
A, pi . (6.19)

i = =
2 2 2
M,.,/K,,,.wp,. +K}

We will apply Equations (6.18) and (6.19) to monitor the gain margin of the dominant loop

i, but we need to first consider Equation (6.18) in the following 2 different cases:
Case (1) when Kpi@i/K1i>l (that iS, Cl)pi>K1,'/Kpi)

Based on the approximation that arctan(x)~7/2- 7/(4x) when x> 1, we can obtain
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7wl2-7K; (4K pwp) =@ piT;

-y (6.20)
The largest positive real root of Equation (6.20) will be the default value of phase crossover
frequency a,; that will be used to calculate the gain margin of the dominant loop i by Equation
(6.19).
Case (2): when 0<Kp;a),/K;;<1 (that is, @<@,<K/Kp;)
In this case, we can obtain the gain crossover frequency w,; of the dominant loop i from the
smallest positive real root of the following Equation (6.21). From the definition of the phase
margin [Ogat02], we can obtain

aiiMivKlz’iw:i +K12i 1

2
a)g,.

which can be simplified as
wy—aiMIKp ol —aiMIK} =0 . (6.21)

Pi*7gi

Ko,

Ii

Then we can draw the graphs of arctanl: ] and a7 in the same plane in the range of

05<,i<Ki/Kpi. The intersection of the two graphs is the solution of Equation (6.18), which is
the phase crossover frequency @, to be used to calculate the gain margin of the dominant loop i
of the AQM control system by Equation (6.19). If these two graphs have no intersection, it
means that the gain margin is less than 1, and the adaptive PI rate-based router controller need to
self-tune.

In summary, when the network parameter (i.e., the number M; of active controlled sources
and the average round-trip time 7 for the dominant loop 7) changed so significantly that the gain

margin of the dominant loop i falls outside its specified interval, the PI rate-based router

controller for the dominant loop i needs to self-tune to give a new 4uiyalue for the dominant
loop i. As a whole, we first use Equation (6.20) to obtain ay;. If we find Kp;@,/K;<1 or Equation
(6.20) has no positive real roots, then we can obtain @,; using the method proposed by Case (2).

Another method to monitor the change of the network traffic

Since the above method to calculate the gain margin of the MIMO control system is complicated,

it may not be easy for real-time implementation. Therefore, we would also suggest another
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approach. From Equation (6.19), we can see that the gain margin 4,, is a function of M; and ),
while @, is a function of 7 according to Equation (6.18). Based on Lemma 6.1, the gain margin
decreases when the number M; of the active controlled sources increases. Based on Lemma 6.2,
we can also verify that the gain margin decreases when the average round trip time 7 increases.
Therefore, based on our practical experience from many simulation results (some of which
shown in performance evaluation later on), we may want to choose a parameter g, =M;1, to
monitor the number M; of the active controlled sources and the average round trip time 7; instead

of the gain margin 4,,. When the network parameter M; and 7; for the dominant loop i changed

so greatly that caused the monitoring parameter |B,,, — Biu|>03min{B,,, . B} (that is
Binew > 1381 O Biner <0.7 B4 » the adaptive PI rate controller for the dominant loop i will self-

tune based on Equations (16) and (17) and update B, =5

inew *

We will adopt this method to

monitor the change of the network environment in our performance evaluation later on.

Lemma 6.1:

If the current number M; of active controlled sources is less than the previous number M; (that

is, M; < M, ) and multiloop PI rate controller is designed based on the previous number M; for the

dominant loop i, then the AQM control system with the current number M; will have more gain
than that with the previous number M; (that is, 4,,, > 4,,), which can then always guarantee the

stability of the AQM control system.

Proof:
From Equations (6.12), (6.13), (6.14), (6.15), (6.16) and (6.17), we obtain the PI rate controller

c;(s) =K +X1 for the dominant loop i of the MIMO AQM control system based on the
N

respective number M;. For the dominant loop i of MIMO AQM control system with M;

controlled sources, the open-loop transfer function is (K pi +ﬁja‘*—M"e'”'. Then from the

S S

definition of the gain margin [Ogat02], we can obtain

T Kpw, | =«
——+arcmn(—iJ———wp,.Ti =-r ,
2 K, ) 2

which can be simplified as
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arctan( K;a)p d ] —w,7, =0 , (6.22)

\/Klz’iw;zzi +Kj a;M, _ \/Klzﬁ'w,zn' +K; aM; 1 (6.23)

|e
@Dy @ @y @, Ay

—Jj@uT;

Similarly, for the dominant loop i of MIMO AQM control system with M; controlled sources,

we can obtain

K,o. .
arctan[—m—‘"]—m =0, (6:24)
K, e
I
2 2 2 , 2 2 2 f
VKPimpl: +Kj aii{wi |e—jm;m _ VKPimP‘: +Kii aiiM" = L . (6.25)
o ®p; @y Opi A

From Equations (6.22) and (6.24), we can determine that w, =, . Therefore, based on
Equations (6.23) and (6.25), we can obtain

Ay Ay =M, 1M, >1
that is,

Ay > Ay (6.26)
Then for the dominant loop i of the MIMO AQM control system with M; controlled sources, we
rewrite Equation (6.11) as

Ay =@ Ay (6.27)
Similarly, for the dominant loop i of MIMO AQM control system with M; controlled sources,
we can also obtain

Ay = Ay, (6.28)
Therefore by combining the Equations (6.26), (6.27) and (6.28), we can get

Ay = @Ay > @idys = Ay

that is, 4,,, > 4,,.

Lemma 6.2:

If the current average round trip time 7, is shorter than the previous average round trip time 7,
(that is, 7; <7,) and the multi-loop PI rate controller is designed based on the previous average

round trip time g, then the AQM control system with the current average round trip time ; will
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have more gain than that with the previous average round trip time 7 (that is, 4,,, > 4,,), which

can always guarantee the stability of the AQM control system.

Proof:

For the dominant loop i of MIMO AQM control system with the average round trip time 7, the

open-loop transfer function is (K i +&)a"—M‘e‘"’ . As discussed in Lemma 1, from the
S s

definition of the gain margin [Ogat02], we can obtain

arc'an[%]—wpiri =0 , (6.22)
KIi

\IK}Z’im;i +Kj a,M, _ \' F2’ia);2n‘ +Kj aM; 1 (6.23)

Dy Dy D D, Ay

e —Jj@,

From the definition of the phase margin [Ogat02], we can obtain

VK;.G);. +Kj a;M, |e—jw"'r" _ \/Kiz’iw;‘ +Kj, a;M, _1 (6.29)

)
a)g,. a)g,. a)g,. a)g,.

where @,; and @,; are gain crossover frequency and phase crossover frequency of the dominant
loop i of MIMO AQM control system respectively. Similarly, for the dominant loop i of MIMO

AQM control system with the average round trip time 7,, we can obtain

Ko, o
arctal{LJ —0,7,=0 , (6.30)
K.
Ii
2 v 2 2 2 2 2
“Kpi(np'i +Kj a,-iI'W,. e'i“"pa'; =\’Kpi0)p'i +Kj; aii{lli _ 1 , (631)
Wpi @pi Opi Opi Arsiy
and
VKR +KE goar ) oy KR +KD g,
P E‘l I un' i |e—J“’§“i = P g: ! a"' ’=1 . (6.32)
O D @i P

From Equations (6.29) and (6.32), we can then determine that o, = w,, .

— K Ii aii i -5
By drawing the Nyquist diagram of the transfer function &7 ()= [K”" +TJ s , We can
find the following useful Relationship 6.1 analytically.

Relationship 6.1:
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If there exists the frequencies o, <o, <o, <, then we will have

pi?

= arg(gii (jmpi ))5 arg(gii (o, )) < arg(gii (o, )) < arg(gii (o ))= —n+@,; and

— |gii Gog)| <lgs G0,)] <|gs Go)| <|e; (ju)gi)l =1, and vice versa. This will be shown in Figure 6.3

and Figure 6.4 later on.

Let w; and @ be the gain crossover frequency and the phase crossover frequency of the

dominant loop i of MIMO AQM control system with the average round trip time % In order to

find the relationship between the gain margins “** and “ we use @ =% > %% =% and

W, =

® as two different frequency points. Then considering Equations (6.27) and (6.28), we

have

arg(g; (jo,)) - arg(g; (jo,)) = argg Go,))- argg,.(pr,))

Pi Pi 't =
=[—n+archn( . p’ |:—1t+arcta . ’"} (Dpi‘tiil

Ko,
= arcta; —P'—l]

I

Then based on the Relationship 6.1, we can show that o, =0, <0, =0, <o, =o,. Applying the

Relationship 6.1 again, we can obtain |g;(jo,)|=|g;(0,)| > [g:Go,)| = |g;:Go,)|, Which can be
VKI(DI-I_KlaM —m_' VKZ(‘OI-’-Kl(lM 1
expressed as |gﬁ(jcopi)|= bt B o NH BT (Jmm)|
0, (U] (U] Oy AMi Argy

that is, 4,,, > 4,,. By considering Equations (6.27) and (6.28), we can get 4,,, > 4,,

6.2.2 Fairness among Rate-Based Router Controlled Sources

Most congestion control algorithms show that the faimmess can be achieved when the system
reaches its steady state as t—>o0 [KeMa98]. We define fairness here to be the condition that all
the controlled sources routing through the same input port have the same steady transmission
rate. From the multi-loop PI rate control algorithm in Equations (6.2) and (6.5), we can see that
every controlled source node j|i always try to transmit the packets into the network at the
maximum allowed rate as advertised by the router. When the queue length of the output ports in
the AQM router reaches the steady state, the fairness among the controlled source nodes is
considered to be achieved, as shown in our performance evaluation of Figure 6.5, Figure 6.6,

Figure 6.13 and Figure 6.14 later on.
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6.2.3 Implementation of Rate-Based Router Control Protocol for MIMO IP router

We use the window-based calculation to convert the advertised source transmission rate into the
advertised window size for the controlled source nodes in the IP networks, which has been well
accepted in TCP/IP networks e.g., [AwOu02, KaHa02, LoAn05]. The advertised window size
win,; () for the controlled source node j|i is computed as

winy (1) = 7; - 45 (1) - (6.33)
Then from the Equation (6.5), the window size win,(s) for the controlled source node j|i is given

as

wing (8) = 7 - gy (t) = 7 - (¢ — 7)) = win (¢ — 7)) » (6.34)
where the window size will be restricted between 1 and the maximum window size win]™
allowed for the controlled source node j|i, i.€., 1< win;(r) < win™ .

From the description in Section 6.2.1, one can see the feature of our control algorithm is that

we only need to know one important information from the controlled sources: the round trip time

7; between the source j|i, and its destination from which the average round trip time i is

decided. This is one major difference from most heuristic AQM algorithms for TCP traffic. To

implement the PI rate-based control algorithm in the IP networks, we need to define two fields in

the IP packet headers:

1) the round trip time z;: this can be estimated by the source using the method proposed by
[Stevo4];

2) the advertised window size win(t) * the original value is set to be the maximum window
size win]™ .

Normally an IP packet sent by the source j|i will be routed through a series of AQM routers
before it reaches its destinations. In order to prevent all the routers from congestion, we will
compare the current advertised window size with the previous advertised window size in the IP
packet and then record the smaller value in the header of IP packet.

After the IP packet reaches its destination successfully, the advertised window size will be

extracted from the header of the IP packet and then integrated into its ACK packet. When the
source j|i receives the ACK packet finally, it extracts the advertised window size winy() from the

ACK packet, and use it to set the current window size """ @
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In the real-time implementation, we use specific address queue to store the source addresses
of the incoming IP packets from the controlled sources: (1) the source address of each IP packet
under process will enter as a “packet” into the address queue per sampling time. This can be
ignored if the same source address is found; (2) the address queue will drop “packet” at the head
every average round trip time. This can evict the inactive controlled source address “packet”
from the address queue. Therefore, the address queue size can approximate the number M; of the

win u )

controlled source nodes. Furthermore, the advertised window size will be an integer and

larger than 1. To simplify the calculation, we compute the average round trip time T by the
averaging filter method in RED algorithm [F1Ja93], i.e.,

LO=-w)T-D4wer, j=1-,M,

(6.35)

where the averaging weight w; is suggested to be w,; =1/M;, based on the following Relationship

6.2.

Relationship 6.2:

If (M;-1) controlled source nodes transmit the IP packets to their destinations through the input
port i of the router, then the average round trip time 7, =Yz, /(M . =1). The controlled source
M; starts to transmit the IP packets routed through the input port i of the router, so the new
average round trip time will be

T; =Zj'4=,17ij/Mi =((Mi _l)?i'*"w,.)/Mi =(1-1/M )7, +7y, I M.

6.3 Adaptive Multiloop PI Rate-Based Router Controller Algorithm
We can now present the details of adaptive multiloop PI rate-based router control algorithm for

the MIMO router as follows:

Router behavior:

Step 1: Estimate the number M; of the controlled sources j|i based on the address queue size,
extract the round trip time 7; from the header of the IP packet that flows into the input
port i of the router from the source node j|i, and then calculate the average round trip

time T, based on Equation (6.35);

Step 2: Calculate the initial value f,, = M, /7, for monitoring the traffic changes.
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Step 3: From Equations (6.16) and (6.17), we can obtain the proportional gain Kp; and integral
gain Kj; of PI rate-based router controller for the dominant loop i.

Step 4: Apply the adaptive multiloop PI rate-based router controller to calculate the advertised

transmission rate q,'.j_new based on the instantaneous queue length x,(¢) of the output port

i of MIMO IP router, according to Equation (6.2).
Step 5:  Apply Equation (6.33) to calculate the advertised window size win; ,, -

Step 6: Compare the current advertised window size win with the advertised window size

i _new

field win,

ij _old

of the IP header.
i o =Winy ., if we find that winy ., <win; .

(6a) Set win

ij _old

(6b) Otherwise, the advertised window size field win; ,, remains unchanged.

Real-time monitoring for each dominant loop i (i=1,2,...N):

Step 7:  Calculate the current monitoring parameter 8, = M ,7,.
(7a) If we find that |8; - B,|>0.3min{B,,, B;}, then update B,, = B;. Go to Step 3.
(7b) If we find that |B; — B,| <0.3min{B,,, B}, P rate-based router controller would not

self-tune for the dominant loop i, go to Step 4.

Destination behavior:

Extract the advertised window size win;j from the header of the IP packet, and then integrate

them into the ACK packets when IP packet arrives in the destination.

Source behavior:

Extract the advertised window size win,'.j from the ACK packet and then regulate the current

source window size after the controlled source j|i receives ACK packet.

6.3.1 An Example

To illustrate the adaptive multiloop PI rate-based router controller design, we will consider a
router with 2 input ports and 2 output ports. The forward time delays 7, the feedback time
delays 7,; and the round trip time 7; for the controlled source node j|i (7=1,2,3,4) that transmits

the packets into the input port i (=1,2) are listed in Table 6.1. The traffic distribution ratio of the
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first input port is ¢;;=0.8 and a;=0.2, while the traffic distribution ratio of second input port is
a;;=0.8 and @;,=0.2. For both dominant loops of the MIMO AQM control system, the gain

margin 4,,(i =1,2) is specified as 3.

Table 6.1: The Maximum Transmission Rates and Time Delays for the Controlled Source Nodes
that Transmit the Packets into the Input Ports 1 and 2 of Router 1

Rate & Forward Delay | Feedback Delay | Round-Trip Time
Node ji L. g (ms) Thij (Ms) 7;; (ms)
Source Node /|/ 200 400 600
Source Node 2|/ 100 300 400
Source Node 3|/ 200 400 600
Source Node 4|/ 300 500 800
Source Node /|2 150 350 500
Source Node 2|2 100 300 400
Source Node 3|2 100 350 450
Source Node 4|2 200 450 650

We assume that two controlled source nodes /|7 and 2|/ starts to transmit the packets to the
input port /, while another two controlled source nodes /|2 and 2|2 starts to transmit the packets
to the input port 2 at the beginning of the experiment. Therefore we can obtain the average

round-trip times for two dominant control loops as ! = (71, +71,)/2=500msec and

7, =(z; +75,)/2=450msec respectively. Therefore we can obtain the transfer function matrix of

the MIMO router model as
0.8%2e70%  (0.2%3e704 1.6e7%%  0.6e704
_ S S — ) S
P(s)= 02*%2e7°5  0.8%3e™4 | | 0.4e705  2.4e70% (6.36)
S ) S )

From Equations (6.16) and (6.17), the diagonal multiloop PI rate-based router controller is given

as

0.4215 + 227
C(s) = s . (6.37)
0 0.3122 + 22433
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The Nyquist diagrams of g;(j@) with Gershgorin circle are shown in Figure 6.3 and Figure

6.4 respectively. It is shown that the gain margins Ay (i =1,2)

of both domain loops are 3 as
desired.

The Nyquist Diagram of g, , (@)

0.15

0.1

0.05

Imaginary

0.051--F
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Figure 6.3: Nyquist Diagram of g;,(j@) with Gershgorin Circle at the Phase Crossover Frequency
The Nyquist Diagram of g, (j@)
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Figure 6.4: Nyquist Diagram of g,,(jw) with Gershgorin Circle at the Phase Crossover Frequency

6.4 Performance Evaluation of Adaptive Multiloop PI Rate-Based Router Controller
We have verified our adaptive multiloop PI rate-based router controller using Matlab simulations
based on the network topology shown in Figure 2.7. There are 2 Routers in the network. We

make performance evaluation in the case of the varying uncontrolled traffic (that is, M; changes)
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and the constant uncontrolled traffic (that is, M; does not change) respectively and observe the
transient behavior of the most congested AQM router. During all the following simulations, all
the IP packets have the same size of 1024 bytes. The link bandwidth (i.e., service rate) of every
output port is T3 (44,736,00bps, i.e., 5,46 Ipackets/sec). Every MIMO router has two input ports
and two output ports. For both dominant loops of the MIMO IP router, the gain
margin 4,, (i =1,2) is specified as 3. The buffer size of every output port is 2000 packets based

on based on the bandwidth-delay product [HoMiOla]. The target buffer occupancy of the every
output port is specified as 200 packets. The maximum window size allowed for all the controlled
sources is specified as 3000 packets. The sampling time for PI rate controller is chosen as 1ms.
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Figure 6.5: Instantaneous Transmission Rates (packets/sec) of 4 controlled Sources for 1% Input
Port

6.4.1 Case with Varying Controlled Traffic
Under the case of varying uncontrolled traffic, we assume that the MIMO Router 1 is always

more congested than the MIMO Router 2 any time. In this case study, there are 8 controlled
source nodes that transmit the packets into the network, whose parameters are shown in Table
6.1. The uncontrolled guaranteed traffic flows into the input port i (i=1,2) at the same constant

rate of 500 packets/sec. In the beginning of the experiment, four controlled source nodes jli
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(7=1,2 with i=1,2) starts to transmit the packets into the input port i (i=1,2) respectively, as
described in the example of Section 6.3.1. After time #=100s, another two controlled source
nodes j|i (j=3,4 with i=1,2) starts to send the packets to the AQM router, that is, every input port

i of the router receives the packets from the 4 controlled source nodes respectively.
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Figure 6.6: Instantaneous Transmission Rates (packets/sec) of 4 controlled Sources for 2™ Input
Port

The instantaneous transmission rates of the 8 controlled source nodes for the AQM router
are shown in Figure 6.5 and Figure 6.6. The total transmission rates for the input ports and the
instantaneous queue lengths of the output ports in the router are shown in Figure 6.7. At time
t=0s, two controlled source nodes j|i (j=1,2 with i=1,2) started to send the packets to the AQM
router. Source /|/ increases its transmission rate and approaches a steady value of around 2480
packets/sec. At time t=100s, more controlled source nodes are added in the network, the average
round trip times for both dominant loops become longer, both monitoring parameters fall outside
their specified intervals, so adaptive PI rate-based router controllers located in both output ports
self-tune. Source /|/ decreases its transmission rate and approaches to a new steady state. Source
3|1 increases its transmission rate and reaches a steady state. With the adaptive PI rate-based

router controllers applied, the queue lengths in both output ports have small fluctuations. In
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summary, the steady-state value of the queue length in both output ports reaches the specified
target buffer occupancy (200 packets) in the two different periods and avoids the buffer

overflow, which prevents the congestion in the network.
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Figure 6.7: Transient Behavior of 2x2 AQM Router
(a) Total transmission rate for 1* input port
(b) Total transmission rate for 2" input port
(c) Instantaneous queue length of the first output port
(d) Instantaneous queue length of the second output port

6.4.1.1 Impact of Gain Margin on AQM Performance of MIMO IP Router

We will study the impact of the different gain margin on the AQM performance of most
congested MIMO router (i.e., Router 1 in Figure 2.7). We specify different gain margin to design
the PI rate-based router controller for the time ¢=0s to /00s, and then observe the transient
behavior (e.g., queue length) of the MIMO router.

Figure 6.8 and Figure 6.9 show the queue length for the two output ports upon the different
gain margins. As evident from Figure 6.8 and Figure 6.9, when the gain margin increases,
settling time increases, i.c., queue length takes more time to reach the steady state. If the gain
margin is too large (e.g., 6), the settling time to reach the target buffer occupancy (200 packets)

is extremely long (e.g., the queue length with gain margin of 6 still can not reach steady state at
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Figure 6.9: Instantaneous Queue Length of the 2" Output Port upon Different Gain Margin
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the time ¢=100s). When the gain margin less than 1 (e.g., 0.5), the queue length becomes
unstable and cannot approach the target buffer occupancy (200 packets), as shown in Figure 6.8
and Figure 6.9, which also corresponds to the Nyquist stability theorem [Ogat02].

Table 6.2: The Maximum Transmission Rates and Time Delays for the Controlled Source Nodes
that Transmit the Packets into the Input Ports 1 and 2 of Router 2

Rate & Forward Delay | Feedback Delay | Round-Trip Time
Nodo i3 Tsij () Thij (INS) Tij (s)
‘Sourte Node - 300 300 600
Source Node 2|/ 200 200 400
Source Node 3|/ 300 300 600
Source Node 4|/ 400 400 800
Source Node /]2 250 250 500
Source Node 2|2 200 200 400
Source Node 3|2 300 300 600
Source Node 4|2 250 250 500

6.4.2 Case with Constant Controlled Traffic

In this case study, we have multiple 2x2 routers where two routers are most congested routers in
different period. We assume that Router 2 has the same structure (i.e., traffic distribution ratio)
as Router 1, as shown in the example of Section 6.3.1. The uncontrolled transmission rates for
the input ports of both routers fluctuate between 10% and 40% of the service rate of the
respective output links, as shown in Figure 6.10 and Figure 6.11. The 8 controlled source nodes
jli =1,2,3,4 with i=1,2) start to transmit the packets in the beginning of the experiment. Based
on Table 6.1 and Table 6.2, the average round trip times for 2 dominant loops can also obtained
as 7, =600msec and 7, =500msec respectively. So we can get the same transfer function matrix

for MIMO Router 1 and Router 2, i.c.,

0.8*4e7%%  02%4e70% 3.2¢7%% (.87

P(s)= s s =l .S s : 6.38
= g2%200%  08%400% || 08605 32005 (6.3%)
s A s s

From Equations (6.16) and (6.17), the diagonal multiloop PI rate-based router controller was

given as
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C(s) = s . (6.39)
0 0.2107+0'1478
S
(a) (b)

O @ 20 o w 20

=y [y

2215 o 15

EE T8

2E 5 RS-

53 £ 8

= s 0 . . . ] g5 O . ]

0 100 200 300 400 T 0 200 400
time (sec) time (sec)
(c) (d)
F - 2000 T o 2000
29 2 g
o = 1500 o
&2 22
£ 5 1000 £ 3
o © =2]
5% S e
- o 500 = l';
S - 5
- T W [ S - |
0 100 200 300 400 ] 200 400
time fsec) time (sec)

Figure 6.10: Transient Behavior of Router 1
(a) Uncontrolled transmission rate for 1* input port
(b) Uncontrolled transmission rate for 2nd input port
(¢) Queue length of 1* input port
(d) Queue length of 2" input port
Figure 6.10(a), Figure 6.10(b), Figure 6.11(a) and Figure 6.11(b) show the instantaneous

uncontrolled transmission rates for the guaranteed service traffic flowing into the input ports of
Router 1 and Router 2 respectively. It can be seen that the guarantee service traffic flows into
different input ports of the MIMO router with different transmission rate at different time for
different duration. The instantaneous queue length of the output ports in the MIMO Router 1 and
Router 2 are shown in Figure 6.10(c), Figure 6.10(d), Figure 6.11(c) and Figure 6.11(d). It can be
seen that the queue length of the output ports can adapt to the fluctuation of the uncontrolled
traffic flowing into the input ports very well. Furthermore, there is no queue in the less congested
router when the AQM control system reaches its steady state, while the queue length in the most

congested router reaches the target buffer occupancy.
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Figure 6.11: Transient Behavior of Router 2
(a) Uncontrolled transmission rate for 1* input port
(b) Uncontrolled transmission rate for 2nd input port
(c) Queue length of 1* input port
(d) Queue length of 2™ input port

The instantaneous advertised transmission rates for the controlled source nodes j|i (j=1,2,3,4
with i=1,2) are shown in Figure 6.12. The instantaneous transmission rates of the 8 controlled
source nodes jli (=1,2,3,4 with i=1,2) for the best-effort service traffic flowing into the input
ports i are shown in Figure 6.13, Figure 6.14 respectively. It is shown that the controlled source
nodes always try to send the packets at the maximum allowed rate to catch the rest bandwidth
left over from the guarantee service traffic. Moreover, it can be seen that the advertised
transmission rate from the less congested router will reach the controlled source through IP
packets and ACK packets. This prevents all the routers from congestion.

Between time t=0s and t=100s, both uncontrolled transmission rates for the input port i
(==1,2) of Router 1 are 1000 packets/sec, and the queue length of the output port i (i=1,2) reaches
the steady state value (200 packets) at the time t=76s and 70s respectively. Both uncontrolled
transmission rates for the input port i (i=1,2) of Router 2 were 500packets/sec, and the queue of

the output port i (i=1,2) are empty. This corresponds to the following facts: the advertised source
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Figure 6.12: Instantaneous Advertised Controlled Transmission Rate

(a) from 1* port of 1% router

(b) from 2™ port of 1% router

(c¢) from 1 port of 2™ router

(d) from 2™ port of 2™ router
transmission rate (i.e., advertised window size) by the Router 1 is less than that from Router 2,
which will be informed to the sources finally. This means that the Router 1 is more congested
than Router 2, and our rate-based control protocol prevents both routers from congestion. At time
t=100s, both the uncontrolled transmission rates for the input port i (i=1,2) of the Router 2
increase to /500 packets/sec, while both uncontrolled transmission rates for the input port i
(i=1,2) of the Router 1 remains unchanged, which hints that the Router 2 becomes more
congested than Router 1. Consequently, the advertised source transmission rate by the Router 2
is less than that from Router 1, which will be informed to the sources finally. All the
transmission rates of the source controlled nodes reduce, e.g., the source /|/ decreases from
9.14Mbps to 8.12Mbps as expected. The queue length of the output port i (=1,2) in Router 2
reaches the steady state value (200 packets) at the time t=/30s and /30s respectively, while both

queue of the output port i (i=1,2) in Router 1 became empty at the time t=102s. The similar case
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can be seen between time t=200s to 400s, as shown in Figure 6.10, Figure 6.11, Figure 6.12,

Figure 6.13 and Figure 6.14.

(b)
200 300 400

100

o
o [y o

{sdg)apou saInos puyz wiol)

alel UDISSILISURL} Pajj0Ju0D
]

T

300

(a)

I

{
200

/’71.
100

o

(sdg)apou aainos }5| woiy
8]kl UDISSILISURI} Pa|[0JIu03

time (sec)

(d)

200 300 400
time (sec)

100

o
o Lo [em}

(sdqw)apou aa1hos yiy wodj

ajel uoIssIWsSUel} Pa|joIu0d

)
Q
=t

300
time fsec)

time (sec)
(c)
200

100

=)
o o o

(sdg)apou aainos pig woly
alel UDISSILUSURI] Pa||0IU02

Figure 6.13: Instantaneous Transmission Rates of Controlled Source Nodes for 1* Input Port
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Figure 6.14: Instantaneous Transmission Rates of Controlled Source Nodes for 2" Input Port
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In summary, it can be shown that the rate-based MIMO AQM control system exhibits good
transient behavior when there exists great fluctuation in the uncontrolled traffic flowing into the

MIMO router.

6.5 Concluding Remarks

We have designed an adaptive multiloop PI rate-based router controller for the AQM of an
MIMO router supporting best-effort service traffic in the Internet. We have employed the Direct
Nyquist Array method in the control design. This design method allows the user to specify the
stability robustness of the AQM control system through gain margin specification. Every
controlled source node always transmits the packets at its maximum allowed transmission rate to
support the best-effort service traffic, thus maximizing the bandwidth utilization of the Internet.
Our adaptive multiloop PI rate-based router controller can clamp the steady queue length in
every output port around the target buffer occupancy. Our simulations demonstrate that the AQM
MIMO control system can adapt to the fluctuation of the uncontrolled traffic so well that the
network exhibits good transient behavior. Our multiloop PI rate-based router controller is
suitable for the rate control of streaming media transmission such as Voice over IP in the Internet

[HaF103].
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Chapter 7  Adaptive Utility-Based Source Controller for
Internet Traffic

In this final chapter, we will design an adaptive utility-based source controller for end-to-
end congestion in the Internet. Multiple controlled sources transmit the packets into their
destinations simultaneously and share the limited network bandwidth through a series of IP
routers in the Internet. Each AQM router runs the RED (Random Early Detection) algorithm that
uses ECN (Explicit Congestion Notification) packet marking strategy to provide the congestion
information. An adaptive utility-based controller is placed in every source node to regulate the
source transmission rate based on the feedback congestion information (in ACK packets) from
the IP routers. The pole placement technique in classical control theory is used to allow the user
to achieve a good transient network performance. We select a heuristic parameter and assign an
interval to monitor the network congestion status. The adaptive utility-based source controller
self-tunes only when the change of network parameters (the round-trip time and total packet

marking rate) drifts the monitoring parameter outside its specified interval.

7.1 The Utility-Based Source Controller Design Based on Pole Placement
We will design our utility-based source controller for the Internet traffic based on the pole
placement technique. Based on the network utility model described in Section 2.3, the closed-
loop transfer function of the network control system in Equation (2.2) can be obtain as
K,w,

G(s) =
® s+K a.e

(7.1)

ST,

In order to simplify the controller design later on, we can linearize our nonlinear control
system in Equation (7.1) by making a first-order Pade approximation [Bequ02] of

e m(-s7/1+57/2) yhen |s7=|a,7<I.2, as shown in Figure 7.1.

Thus we can rewrite Equation (7.1) as

3 K,w . (1+s7,/2) _ K,w, (s+2/7,)
s(+s7,/2)+K.a,(1-s7,/2) s(s+2/7,)+K, a (-s+2/7,)

G(s) (7.2)

So we can obtain the characteristic equation of the closed-loop network control system as
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Figure 7.1: Pade Approximation of ¢™ as (1-x/2)/(1+2/x)
Let sy and s; be the roots of the Equation (7.3), which are also the poles of the second-order
closed-loop control system. To guarantee the stability of the closed-loop control system, s; and s,

will be placed in the left-half s plane [Ogat02]. For 0<¢<I/, we can obtain a pair of complex

— i — 2 .
conjugate closed-loop poles (°*2~ o, tjoN1=¢ ), that is, |s;|=|s;|=a,. Therefore, from

Equation (7.3), we can obtain

i—K,a, =2w, , (7.4)

Tr

2K.0 _ 2 (7.5)
T

r

From Equation (7.5), we can determine the natural frequency as

@, = ’M _ (7.6)
Tr

Considering the condition @,7<I.2 required by the Pade approximation, we can obtain
w,7, =42K,a,7, <1.2,1.€e.,

K < 18
25a,7,

Then substituting Equation (7.6) back into Equation (7.4), we can obtain

(7.7)
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2 _ka =2 |0 (7.8)
T T

r r

which can be simplified as

(1 +2072 )K, + (
Solving Equation (7.9) based on the condition from Equation (7.7), we can obtain

[1+2§2 —24\/?3] : (7.10)

We obtain the proportional utility gain K, based on the linearized network control system in

4
K>+
Tr

ar

J =0 . (7.9)

2
Q,rt,

K = 2
a,T,
Equation (7.2), but we implement our utility-based source control algorithm in the original non-
linear network control system in Equation (2.2). Such control system design method has been
widely adopted in the industrial control system e.g., [AsHa92, AsHa95, HoHo03], which has
been well accepted in network traffic control e.g., [HoMiOla, HoYa0O4c].

In order to keep the proportional gain K, of utility-based controller constant, we have to
adjust the damping ratio £ whenever the network parameters o, or 7 change. Under this scenario,

Equation (7.8) becomes

1 2 K,a,r,
(—5(‘/;(’“’1’ -[2 ] . (7.11)

Equation (7.11) can now be used to monitor the damping ratio £ of the utility-based control

system. In general, we would like to specify an interval [{;, {2], where £; and &> are the upper
and lower bounds of § respectively. When the damping ratio & of the utility-based control system
falls outside this specified interval due to the dramatic change of the network parameters («, and
1), the utility-based controller need to self-tune to give a new K, value. The choice of ¢; and &

will be discussed later.

Another real-time monitoring method

The starting point is to rewrite Equation (7.11) as

K.art, =47 —4;,/;2 +1+2 . (7.12)
Note that we can draw a plot for the relationship between K, o, and {based on Equation (7.12),
as shown in Figure 7.2. For various values of { (e.g., {=0.6, 0.8 and I), we have corresponding

values of K., 7, (€.2., K, 7,=0.64, 0.46 and 0.34). It means that we can also use the interval of

105



K.t (i.e., 0.34<K,,7,<0.64) to monitor the change of the network parameters instead of &
When the value K, @, 7 of the utility-based control system falls outside its specified interval (i.e.,
0.34<K, 0, 7,<0.64) upon the dramatic change of the network parameters (¢, and 7,), the utility-

based controller need to self-tune to give new value for proportional gain K.
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Figure 7.2: The Relationship between Ko, T, and £

7.2 Fairness among Utility-Based Controlled Sources

Most congestion control algorithms show that the fairness can be achieved when the system
reaches its steady state as t—>o0 [KeMa98]. We define fairness here to be the condition that all
utility-based controlled sources have the steady transmission rates proportional to their source
prices. From the utility-based control algorithm expressed in Equation (2.1 and 2.2), we can see
that every controlled source node r always tries to transmit the data into the network according to
the price (i.e., source price and route price) assigned to it. When the transmission rates of the
source nodes converge to their equilibrium points, the fairness among the controlled source

nodes is achieved, as shown in our performance evaluation of Figure 7.3 later on.

7.3 Implementation of Utility-Based Source Control Algorithm
We have adopted the RED algorithm for AQM in every router and used the ECN packet-marking

strategy to mark our packets based on current congestion information (i.e., link price). Then we
convey the total packet-marking rate a(?) (i.e., route price) to the source node r through the

ACK packets when the packets reach their destinations.
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Considering the stochastic characteristics of the network, we compute the average value

%) of total packet-marking rate o,(¢) by the averaging filter method in the RED algorithm

[Jaco88, FlJa93], i.e.,

@, (O)=(1-w,)a, (- +w,e, (1) . (7.13)

Weneed @, (f) to accomplish the following;:

(1) to calculate the proportional gain X, (through Equation (7.10), which will then be used in the
utility-based source control algorithm in Equation (7.10) to obtain the source transmission
rate (based on instantaneous feedback network congestion information i.e., a(?) );

(2) to compute the monitoring parameter K, 7. for the network control system in order to adjust
to the change of the network environment;

(3) to calculate the damping ratio ¢ by Equation (7.11) to observe the change of { in our
experiment.

To be compatible for the current dominant TCP/IP protocol in the Internet, we convert the
source transmission rate calculated by Equation (2.2) into the advertised window size for the
controlled source nodes. Similar methods have been well accepted in TCP/IP networks e.g.,
[HoYa05c, KaHa02, LoAn05]. Thus the advertised window size win,(t) for the controlled source
node r is computed as

win, (1) =7,-4,(t) - (7.14)
where the window size must be an integer and be restricted between 1 and the maximum window

size win™ allowed for the controlled source node r, i.€., 1< win, (¢) < win™ .
We now introduce the behaviors of a controlled source, an AQM router and a destination in
our utility-based source controller.

Behavior of Source »

Step 1: Specify an interval of §{ to be £;<{<¢, with a nominal value, and the corresponding
interval of K., 7 to be K, . min<K, 0 55K, 0T max.

Step 2: Estimate the round trip time 7 by using the method proposed by [HaF103]. Then record
and keep its transmission rate for a round-trip time, according to utility-based source
control algorithm in Equation (2.2).

Step 3: Extract the instantaneous total marking rate a,(¢) from the ACK packet when it receives
an ACK packet.
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Step 4:  Apply the utility-based source control algorithm in Equation (2.2) to calculate the
current transmission rate ¢.(2), based on instantaneous marking rate o,(?) so as to
prevent the network from congestion.

Step 5:  Apply Equation (7.14) to calculate the source window size win,(2).

Real-time Monitoring of Source r
Step 5:  Apply Equation (7.10) to compute the proportional gain K, of the utility-based source

controller based on the current information in the source r, i.e., the average marking
rate &, (¢) and the current round trip time 7.
Step 6: Utilize Equation (7.13) to compute the average value @, (¢) of the total marking rate.
Step 7: Compute the parameter K, a,7. of the control system based on the current information in

the source 7, i.e., the average marking rate @, () and the round trip time z,.

Step 8: (8a) If K, 7 falls outside the specified interval, then go to Step 5.
(8b) If K, a7, is still within the interval, the utility-based controller would not self-tune.
Then go to Step 6.

AQM Router Behavior

Step 1: Apply RED to calculate the packet marking probability (i.e., link price) based on the
current congestion situation [F1Ja93].
Step 2: Use the ECN marking strategy to mark the packets [Floy94].

Destination Behavior

Step 1: Check whether the received packets are marked or not, when the packets arrive their
destination,

Step 2: Calculate the total packet-marking rate a,(?) (i.e., route price) in a fixed period. (The
total packet-marking rate o,(f) is defined as the ratio of the total number of marked
packets and the total number of received packets in the period [ZhYa04]).

Step 3: Integrate the total packet-marking rate o(¢) into the ACK packet and send it back to the

source.

7.3.1 Initial Condition of Source r

In order to achieve a desirable transient response of a second-order system, we need to choose
the £; and &> values for the interval of £ Note that in general, too small a ¢ value yields

excessive overshoot in the transient response, and a system with a large £ value would respond
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sluggishly [Ogat02], as shown in Figure 7.4 of Section 7.4. From Equations (7.7) and (7.10) on
the condition @,7%<I.2, we can also obtain 1+2¢? —24,/§2+1 <9/25, i.e., {28/15~0.53. Then

from our many performance evaluation (e.g., Figure 7.4) and many others not shown here, we
have determined that 0.6<{<] would give a satisfactory transient response. Therefore, we can
specify the nominal value of £ to be 0.8 (the mean of 0.6 and /), so that our adaptive utility-
based source controller can clamp ¢ around the range of 0.6<{<] upon changes in network
environment.

It is obvious that the calculation of the parameter K, @,z is much simpler than the calculation
of {'by Equation (7.11). So in our experiments, the interval of K, % (i.e., 0.34<K,;7,<0.64) is
used to monitor the change of the network parameters instead of £, as we discussed above. When
the value K, a, 7 of the utility-based control system falls outside its specified interval upon the
dramatic change of the network parameters (&, and 7), the utility-based source controller needs
to self-tune to give a new value for the proportional gain K.

Parameter w,

To determine w, of Equation (7.13), we have conducted many experiments dealing with the
stochastic characteristic of the data stream in the Internet, and the consideration of measurement
accuracy, from which we recommend the averaging weight to be w,=0.01.

Parameter &

r_initial

The initial value z, .., of @,(r) is set to be the mean of «,(¢) during the first round-trip time

C e . 1 wrrs— : L
period, i.€., @, . = LZ 2, (1) =—/—5Z,;= '°@,(n), where & is sampling time.
- T T,

r

7.3.2 An Example

Considering a utility-based controlled source r, we have w,=20, &, =0.225 and 5=0.6s. If we

specify the interval of ¢ to be 0.6<¢</ and the nominal {=0.8, then we can obtain K,=3.422
based on Equation (7.10). Next, we apply the utility-based source control algorithm in Equation

(2.2) to regulate the transmission rate of source r to prevent the Internet from congestion. At the

mean time, we use the parameter K, a, 7 to monitor the change of the network parameters online.
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7.4 Performance Evaluation of Utility-Based Source Controller

Since our adaptive utility-based source controller can regulate the source transmission rate over
time and can provide an optimal transmission rate [KeMa98], we are particularly interested in
analyzing in Section 7.4.1 the transient behavior of every source transmission rate and fairness
among all the sources. Furthermore, we also like to see in Section 7.4.2 how our controller will
adapt the source transmission rate to the dramatic change of network parameters and guarantee
the global stability of the network. We assume that all the source window sizes (calculated by

utility-based control algorithm) are smaller than their maximum window sizes in our experiment.

7.4.1 The Transient Response of Different Sources

We perform Matlab simulations to see how well our controller achieves a smooth transmission
rate. Two different sets of experiments are examined: (1) Verify the fairess among the sources
with different prices upon the same network environment; (2) Study the impact of different
damping ratio £ on the transient network performance.

Without loss of generality, we simulate a network with ¥=3 AQM routers located between
the source and its destination. Although many sources transmit the packets to their destination
through these 3 AQM routers, we only present the comparison results on the behaviors of 3
sources with different weight w, and the packets sent by these 3 sources routed through the same
3 AQM routers, as shown in Figure 2.7. The weights w, of the source node » (r=1,2,3) are 10, 20
and 30 respectively. The round-trip times 1, of the source node r (r=1,2,3) are Is, 0.6s and 0.4s

respectively. The initial values of all the source transmission rates are set to zero, i.e.,

710 =0:0=9:0=0 e 25sume that the RED and the ECN marking probabilities p; for the
packets in AQM router j (j=1,2,3) are uniformly distributed within the intervals [0, 0.1], [0, 0.15]
and [0,0.2] respectively. Thus, the average of total marking rate can be approximated as

@, =0.1/2+0.15/2+02/2=0.225 . Such control system parameter approximation is well

accepted in control system design e.g., [AsHa92, AsHa95, HoHo03]. When the time t—0, the

a,(t) will be also converge to

a = ;im% [ (2, + P, + p,()dt =0225.
First, in order to make comparison among the transient behaviors of the 3 different sources
(that send the packets routed through the same 3 AQM routers), we require the damping ratio of

the 3 sources to be the same {=0.8. Then the network parameter values of Source 1 become
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w=10, a; =0.225 and 7;=Is. Under the case of £{=0.8, we can obtain K,=2.053 based on
Equation (7.10). Then we apply utility control algorithm in Equation (2.2) to regulate the

transmission rates of Sources / to 3.

The instantaneous source transmission rate (Kbps)
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Figure 7.3: Instantaneous Transmission Rates of Different Sources r (r=1,2,3)
Figure 7.3 shows the instantaneous transmission rates of different sources. We can see that

all 3 sources exhibit good transient behavior under the proper damping ratio £=0.8. It is shown

that the transmission rates of the source r (r=1,2,3) converge to their equilibrium points

. W 10 . W, 20 .- W 30
o 10 _ggaakeps g =22 =20 _g88.89Kbps =Y -3 _13333Kbps
N Tos P, T 05 PP and BT T 005 P

respectively, as anticipated. The fairness among these 3 sources is achieved when their
transmission rates approach their respective equilibrium points, as we can observe from Figure

7.3.
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The instantaneous source transmission rate {(Kbps)
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Figure 7.4: Instantaneous Transmission Rates of Different Sources » (r=1,2,3)
7.4.1.1 Impact of { on Transient Response of Source Transmission Rate

We have performed simulations for Source / to demonstrate the impact of & on the transient
response of source transmission rate. Figure 7.4 shows the instantaneous transmission rates of
Source 1 for different ¢ values. We can see that the maximum percent overshoot decreases and
settling time becomes longer as the damping ratio ¢ increases within the range of 0.6<¢</. Both

source transmission rates converge to an equilibrium point g, =1V+:6_1£E=44'44Kbps in the

o
case of {=0.6 and =1, as we expected. When £=0.1, the source transmission rate exhibits large
oscillations, which suggests an unstable behavior of the network. On the other hand, when >1,
the overdamped system has a slow response, especially for the case of (=70, where the

transmission rate still does not converge to its equilibrium point until =100s.
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7.4.2 Adaptive Utility-Based Source Controller versus Fixed Utility-Based Source
Controller

We want to demonstrate the importance of adaptive control in the network traffic control by
comparing the adaptive utility-based source controller with the fixed utility-based source
controller. Here the proportional gain of a fixed utility-based source controller is fixed no matter
how large the change of the network parameters, while that of an adaptive utility-based source
controller should be re-computed if the monitoring parameter K, 7 drifts outside its specified

interval.

Sources Destinations

N

Router

AQM
Router
2

SN2

TN

| O O
i& AQM/ C)\AQM/ O\AQM

C%/{ Ro;ter é :%// . éi'g R015J,ter

Figure 7.5: Utility-Based Controlled Sources with 5 AQM Routers

We consider a network with 5 AQM routers in Figure 7.5 that we have implemented the
fixed utility-based source control algorithm and the adaptive utility-based source control
algorithm for Source / respectively. In this network, from the time t=0s to 100s, the packets are
transmitted by Source / and routed through 2 AQM routers (Router / and Router 2) before they
reach the destination. At time r=100s, we turn off Router 2 (e.g., system crashed), so that the
packets have to by-pass Router 2 and have found a new route through Router 3, 4 and 5 (i.e., the

new path is now Routers /, 3, 4 and 5) before they arrive at the destination. The monitored
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interval of damping ratio ¢ is specified as 0.6<{<I and the nominal value is specified as {=0.8.
So the corresponding interval of the monitoring parameter K,a 7 is selected to be
0.34<K,a,5,<0.64.

It is assumed that the RED and the ECN marking probabilities p; for the packets in AQM
router j (j=1,2,3,4,5) are uniformly distributed on [0, 0.1], [0, 0.2], [0, 0.15], [0, 0.2] and [0,0.25]
respectively. The round-trip time 7; between Source / and its destination is /s if the packets are
routed through Routers / and 2, while the round trip time 7; is /.5s if the packets are routed

through Routers I, 3, 4 and 5. At the beginning of the simulation, the initial value of average

total packet marking rate %! @) is calculated as the mean of instantaneous total packet marking

rate ¢;(t) during the first round-trip time period, as discussed in Section 7.3. Figure 7.6 shows

the instantaneous total packet marking rate «;(?), and the average marking rate %) (see

Equation (7.13) before and after Router 2 shuts down.
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Figure 7.6: The total packet marking rate of Source 1
(a) instantaneous total packet marking rate a,(t)
(b) average total packet marking rate &, (¢)
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Figure 7.7: Instantaneous Transmission Rate of Source 1
(a) regulated by fixed utility-based control algorithm
(b) regulated by adaptive utility-based control algorithm
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(b) for adaptive utility-based control algorithm

115



T

14 =
fixed utility-based controller

proportional gain K
N

0 1 . o - L T
0 20 40 60 80 100 120 140 160 180 200
time (sec)
(b)

4 L) T T T T 1 T T 1
«
£ 3F i
fas]
g 2 J
S
©
2 1f :
o adaptive utility-based controller
o U 1 1 1 1 1 | 1 1 1

0 20 40 60 80 100 120 140 160 180 200
time fsec)
Figure 7.9: Instantaneous Proportional Gain K,
(a) for fixed utility-based control algorithm
(b) for adaptive utility-based control algorithm
(a)

1 i T T T T L) L) L) L]
p L fixed utility-based controller
o
B
> 05
=
£
(1]
o

D 1 1 I 1 § I L 1 1 i
0 20 40 60 80 100 120 140 160 180 200
time (sec)

(k)

damping ratio ¢
o
(8]
1

adaptive utility-based controller |

U 1 . . 1 i - B B I N 1 I
0 20 40 60 80 100 120 140 160 180 200
time (sec)

Figure 7.10: Instantaneous Damping Ratio Calculated by Equation (7.11)
(a) for fixed utility-based control algorithm
(b) for adaptive utility-based control algorithm
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Figures 7.7 to 7.9 show respectively the instantaneous source transmission rate, the
instantaneous monitoring parameter K,a,7 and the instantaneous proportional gain K,
performance. Both the fixed utility-based source control algorithm and the adaptive utility-based
source control algorithm are compared. In our experiment, we also calculate the damping ratio ¢
online to observe the change of ¢, as shown in Figure 7.10.

From the time t=0s to 100s, the total packet marking rate is uniformly distributed on [O,
0.3], and the average value of the total packet marking is clamped around 0.15, as shown in
Figure 7.6. The monitoring parameter K, 7 has only a little fluctuation around 0.46, and falls
within the interval of 0.34<K,q,7.<0.64, so the adaptive utility-based controller remains
unchanged. Both proportional gains of the fixed utility-based source controller and the adaptive
utility-based source controller remain constant, as shown in Figure 7.9. Both source transmission

c ¥ 10 _ 66.67Kbps
0.15

rates converge to the equilibrium point q o at time r=J5s, as we
r

anticipated. At time r=100s, Router 2 shuts down, the packets have to be routed through Routers
3, 4 and 5. The instantaneous total packet-marking rate o, for Source / has undergone a great
change and is now uniformly distributed in [0, 0.7], as shown in Figure 7.6. The round-trip time
becomes longer. The monitoring parameter Ko, T, goes outside the interval 0.34<K,q, .<0.64, as
shown in Figure 7.8. So the adaptive utility-based controller needs to self-tune. The proportional
gain K, changes from 3./ to /.06 between time t=100s and t=101s, as shown in Figure 7.9(b).
After t=101s, the monitoring parameter K, a,7 has little oscillation around 0.56, which still falls
within the interval of 0.34<K,,7,<0.64. So our adaptive utility-based controller remains
unchanged. The source transmission rate converges to a new equilibrium point

c W 10 o s7Kkbps
0.35

r *

at time r=1710s, as shown in Figure 7.7(b). Since the fixed utility-

based controller is fixed, the monitoring parameter K,,7. increases to around /.62
(corresponding to a damping ratio {~0.1), and causes the large oscillation of the source
transmission rate shown in Figure 7.7(a).

It is interesting to observe from these experiments and others not shown here that our result
with a non-zero round-trip delay always converges to an equilibrium point. With reference to
Kelly’s model without delays, we would suspect that our source control algorithm can also make

optimal use of the network resources.
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7.5 Concluding Remarks

We have extended Kelly’s network utility model without delays to a general utility model for the
Internet with communication delays. We have developed an adaptive utility-based source
controller for the Internet traffic based on this new model, thus providing a desirable pricing
mechanism for the network providers. The pole placement method from the classical control
theory was employed in the controller design, and a simple equation for obtaining the utility-
based source controller has been derived. By selecting a proper interval of damping ratio ¢, we
can achieve a satisfactory transient response of the network control system. The utility-based
source controller is located in the every source and it can calculate the source transmission rate
based on its own source price and the instantaneous feedback route congestion information (i.e.,
route price) through ACK packets. Every source transmission rate can always converges to an
equilibrium state. We have demonstrated by simulations that with our utility-based source
controller applied, we can achieve desirable network performance in source transmission rate.
Furthermore, relatively smooth transmission rate makes our adaptive utility-based source control
algorithm quite suitable for rate control of multimedia transmission such as audio and video

stream transmission in the Internet [HaF103].
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Chapter 8  Conclusions

In this thesis, we have proposed the designs of various controllers for Internet in order to
prevent the end-to-end congestion in the Internet. Our designs are summarized as follows.

First, we have proposed adaptive P and PI window-based router controllers for the AQM of
TCP traffic in the Internet. Based on the queue size in the router, P and PI window-based router
controllers regulate the TCP source window size indirectly through adjusting packet drop
probability in the router.

Next, a network model for a typical SISO IP router is proposed for the design of an adaptive
PI rate-based router controller for best-effort streaming media traffic in the Internet. This
controller is located in the IP router and can calculate the advertised source transmission rate
based on the instantaneous queue length so that the source node can regulate transmission rate to
prevent network congestion. Frequency domain technique is applied in the controller design to
achieve good AQM performance by specifying a proper phase margin.

Third, we have proposed a network model for a MIMO IP router and then design an
adaptive multi-loop PI rate-based router controller for best-effort streaming media traffic in the
Internet. We have employed the DNA (Direct Nyquist Array) method in the controller design.
The adaptive PI rate-based router controller is located in every output port of the MIMO router
and can calculate the respective advertised source transmission rates based on the instantaneous
queue length of the buffer. Every controlled source node always sends the IP packets to the
network at the maximum allowed transmission rate, thus providing the best-effort service traffic
and making the maximum use of network resources.

Forth, we have extended Kelly’s network utility model without delays to a general utility
model for the Internet with communication delays. We have developed an adaptive utility-based
source controller for Intemet traffic based on pole placement method. The utility-based source
controller is located in the every source and it can calculate the source transmission rate based on
its own source price and the instantaneous feedback route congestion information (i.e., route
price) through ACK packets. Relatively smooth source transmission rate can always converge to

an equilibrium state.
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Our adaptive controllers have the capability to self-tune only when the dramatic changes of
network traffic cause the monitoring parameter to drift outside the specified interval. Otherwise,
the controllers remain unchanged. Our control system can adapt very well to great traffic load
changes.

In summary, we have looked at 3 different types controllers for Internet traffic: window-
based router controller (Chapters 3 and 4), rate-based router controller (Chapters 5 and 6) and
utility-based source controlier (Chapter 7). Unlike many heuristics, all these are supported by
control theory; thus our controllers can always guarantee the stability of the network control

system.

8.1 Future Work

There are still many interesting problems left for continuous development on our new
proposed congestion controllers. For future work, we can extend our study of the Internet traffic
control to the following items:

(1) Implement the flows using the rate-based router control algorithm to compare the flows
using the AIMD source control over window-based router control in the same network
environment;

(2) Combine the control theory with the theory of differential games to allocate the limited
bandwidth in wireless networks;

(3) Extend our control system design method for the power control in optical communication

networks.
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Appendix A The TCP Window-Based Source Control

Time 1
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Figure A.1: TCP Window-Based Source Control

The non-linear dynamic model for TCP/AIMD/AQM is developed by [MiGo00] and is
shown in Figure A.1. It is described by the following coupled, nonlinear differential equations:

1 WOWE-10)

W= gra—ey PO
SAORY
X = T(t) N(t) ﬂ ’

where x denotes the time-derivative of x and y is link capacity in packets/sec. It shows how the
average queue length x(¢) reacts to the changes on the average window size W(t), the average
round-trip time #(¢), the traffic load N(¢), the link capacity x and the nonlinear mechanism of the
AQM algorithm (e.g., RED [F1Ja93]). The RED algorithm will also be briefly introduced in

Appendix B and further detailed information on the RED can be found in [F1Ja93].
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Appendix B The RED Controller

The compensator studied in [HoMiOlb] is the well-known RED controller [F1Ja93]
consisting of a low-pass filter (LPF) and nonlinear gain element as shown in Figure A.1. The
form of the LPF was derived in [HoMi01b] while nonlinear gain element is a mechanism that
marks packets with a dropping probability p as a function of average queue size Xz As
indicated in Figure A.1, p is varying between two queue thresholds min,, and max,;, with a slope
of Lrep=Dmax/(maxy-ming). Combining the two elements, the transfer function model for RED
[F1Ja93] is Crep=Lgrep/(S/K+1) where K=log.(I-a)/6 and « is the queue averaging parameter
while J'is the sampling frequency.

PA
1 ——
p D K x
- < s+K —
Lrep
Ming  maxy, >xavg Low-pass filter

Packet-dropping probability

Figure A.2: RED as a Cascade of Low-Pass Filter and Nonlinear Gain Element

Based on the linearized model, design rules for obtaining a stable linear feedback control
system with RED controller have been given in [HoMi01b]. However, such RED controller has a

shortcoming of producing quite a long response time in the control system.
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Appendix C The DNA Stability Theorem

Let the Gershgorin bands centered on the diagonal elements g;(s) of G(s) exclude the point
(-1+0). Let the ith Gershgorin band encircles the point (-/+j0) L; times anticlockwise. Then, the

closed-loop system is stable if and only if

ZLi =Py
s

where py is the number of unstable poles of G(s) [Maci89].
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Appendix D The Utility-Based Source Control Model

Following Kelly’s work [KeMa98], we associate a route » with a source, and then assign a
utility function U{gq,) to each source r with respect to its transmission rate g,(f), so that we can

formulate the resource allocation problem as a utility maximization problem:

max U,(q,
q20 RE:R a) , (D.1)

subject to y<u
where g is the vector of source transmission rates, u is the vector of link capacities, and y=Agq.

The constraint y<u means that the aggregate incoming traffic rate y, = >" 4,4, at the router j
R.eR

cannot exceed the link capacity . Then we can obtain the Lagrangian [Whit71] for the problem
in Equation (D.1) as
Lig,p)= 2 U, (q)+ 2 p;(u;-y;) - (D.2)

R, eR jedJ
where p; is the Lagrange multiplier (also called the shadow price) associated with router j. We

can interpret p; as the price charged by Router j, i.e. per unit flow through Router j, on the total
flow y; through Router j. In network terminology, p; represents the network congestion
information from Router j (i.e. link price), which is transmitted by ACK packets back to inform
the sources.

Since Router j does not know the utility functions of its sources, the optimal solution to the
problem expressed by Equation (D.2) is generally not tractable. So we assign a logarithmic
utility function U,(q,)=w,log(g,) to each source r, where w, is the price (per unit time) source r is
willing to pay, or a weight assigned to the source (according to the price paid by the source).
Therefore, in order to solve the problem expressed through Equation (D.1), we consider the

following optimization problem:

L(g,p)= max > w,log(g,) -, E"""* “p,dy . (D.3)
=Y R,eR

jeJ

where ‘[Z”"“'x' p,;(»)dy is the total link price charged for all the incoming flows ZW.E 2 45> and

pj(y) is the unit link price charged per flow. The optimal solution [KeMa98] to the problem
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expressed through (D.3) can be shown to be ¢, =w, /e, with a; = > p; . Furthermore, a primal

jeR,
algorithm has been proposed in {KeMa98] to regulate the transmission rate of the source r in

order to converge to ¢, =w, /e, in the presence of no communication delays, i.e.

qr(t)=K,(W, -9, p,-[ ZA,-sqs(t)D . D4

JER, s:jER;

where K, is the proportional gain, and ) p j( Y 4.4, (t)J represents the total marking rate of

jeR sijeR,

the packets routed through a series of routers located between the source r and its destination
[KeMa98]. It means that every source r adjusts its rate based on feedback information provided
by the routers in the network in such as way that at an equilibrium the price w, it is willing to pay
equals to its aggregate cost [LaAn02]. It has been shown that with the utility-based control
algorithm in Equation (D.4) applied, the network system without communication delays is
globally stable if the marking function p; is continuous, non-decreasing, non-negative and not
identically zero [KeMa98].

Normally the communication delays in the Internet are not negligible, so we need to extend

the primal algorithm in Equation (D.4) by including various delay components.

131



Appendix E The Ensemble Average of the Instantaneous

Queue Lengths
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Figure E.1: Instantaneous Queue Size of the Fixed P Window-Based Router Controller with
Phase Margin = 30°

We have conducted an interesting investigation in our simulations. One argument we
received in the review of our work is that our instantaneous queue size only captures one
instance of the time evolution of the control system and therefore may not be representative of

the whole system. So here we repeat the simulation with different seeds (i.e., 37, 127 and 513)
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and determine their ensemble (statistical) average. For example, the top three figures of Fig.E.1

are the instantaneous queue size for a phase margin of 30 degrees when using different seeds,

and the bottom figure is their ensemble average. We can see there is not much difference among

the instantaneous queue sizes in the general behavior as well as their ensemble average.
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Figure E.2: Instantaneous Queue Size of the Fixed P Window-Based Router Controller with

Phase Margin = 60°

Similar observations are made in Figures E.2 and E.3 when the phase margins are

respectively 60 degrees and 120 degrees. In fact, we have tested and found similar observations

in other scenarios as well. Therefore, for the rest of the thesis, we have used the instantaneous

queue length based on one seed, and assume that the ensemble average is most likely the same.
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Phase Margin = /20°

134



