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Abstract

Quality of service in the Internet has long been a concern of computer network re-

searchers. TCP congestion control is one of critical issues in achieving a good quality

of service in Internetworks, for TCP which is able to provide a reliable data transmis-

sion over Internet is a core of modern Internet protocols suite. TCP uses a ”window

size” variable to limit the maximum number of packets that can be outstanding. TCP

congestion control research focuses on design of congestion control algorithms which

dynamically adjust congestion window (Cwnd) size and improve quality of service in

terms of higher network throughput, smaller packets time delay and better fairness

in network resource allocation to network users. This thesis presents design of new

TCP congestion control algorithms as applications of modern control theory and game

theory. The thesis consists of three primary parts: TCP congestion control background

research, TCP congestion controller based on control theory and game theoretic TCP

congestion control algorithm.

The thesis first conducts background research in TCP congestion control including re-

view and comparison of various TCP congestion control algorithms proposed by re-

searchers. The background research shows that TCP Vegas is the most appropriate

algorithm which is chosen as a foundation of research work in this thesis, for it is rel-

atively easy to build control theoretic model and game theoretic model based on TCP

Vegas for new algorithms design due to unique functions and parameters in TCP Ve-

gas. A linear feedback system model Vegas for TCP previously developed by White

and Chiera provides a foundation upon which the new algorithms and methodologies

of this thesis are developed. The first problem addressed is a H∞ congestion controller

based on modification of TCP Vegas as a robust generalisation of the H2 approach of

White and Chiera.

The thesis then proposes a centralised TCP congestion controller as an application of

Linear Quadratic Gaussian (LQG) robust control method. A centralised control model

is established based on TCP Vegas by using the linear approach of White and Cheira,
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Abstract

in which Cwnd of users are control inputs and packets time delays are control mea-

surements. A LQG controller which consists of a Kalman filter and LQG regulator is

designed to provide an optimal control for the control model. The primary aim of this

work is to investigate potential performance benefits which might be gained by users

in a sub-network sharing information about their TCP congestion control states.

Naturally following the investigation of co-operation from a control viewpoint, is an

approach based on game theory. The thesis makes a significant contribution to the

development of adaptive mechanisms in repeated games. The thesis develops a new

weighted regret matching (WRM) controller for TCP congestion control using the game

theoretic approach. A WRM approach leading to a set of correlated equilibria for non-

cooperative games is proposed, which uses regret functions to update the probabil-

ity mass function on users’ actions set and leads the probability distribution of users’

global behavior converge to a set of correlated equilibria. A TCP congestion control

game model based on TCP Vegas is established and WRM approach is applied to the

game model in which network users choose their Cwnd according to probability dis-

tribution function suggested by WRM algorithm. The parameters setting of WRM con-

troller is discussed and the performance of proposed controller in TCP congestion con-

trol is investigated based on a single bottle-neck queue network simulated in Matlab.

The compatibility and fairness of WRM controller is investigated in NS-2, a widely

used network simulation software for network research, to provide a realistic network

environment for this research.

Page xii



Statement of Originality

This work contains no material that has been accepted for the award of any other de-

gree or diploma in any university or other tertiary institution and, to the best of my

knowledge and belief, contains no material previously published or written by an-

other person, except where due reference has been made in the text.

I give consent to this copy of the thesis, when deposited in the University Library,

being available for loan, photocopying and dissemination through the library digital

thesis collection.

Signed Date

Page xiii



Page xiv



Acknowledgments

First and foremost, I want to thank my principle supervisor Prof. Langford B. White

for his continuous support throughout my Ph.D study. Since the first day of my can-

didature, he have been guiding my way and encouraging me in research study. It is

a great honor to work in his group, for he always gives me great freedom to develop

new ideas and provides invaluable comments on implementation of these ideas in my

research project. In addition, I have learned a lot from his expertise in the field, his

excellent personality and his good sense of humor.

I would also like to thank my co-supervisors Dr. Brian Ng and Dr. Matthew Sorell for

their comments, suggestions and support.

I am grateful to colleagues in my group for their help and discussion. They are: Dr.

Luke Balzan, Mr. Gautam Balasubramanian and Mr. Yassir Yassir. I would also like

to acknowledge the staff of the School of Electrical and Electronic Engineering in the

University of Adelaide for their support.

Finally, I wish to thank my family. Their unconditional love and support have been

motivating me throughout my life. No words can express my indebtedness to them.

Thanks for their understanding and encouragement.

Page xv



Page xvi



Conventions

Typesetting

This thesis is typeset using the LATEX2e software.

The fonts used in this thesis are Times New Roman and Sans Serif.

Referencing

Referencing and citation style in this thesis are based on the Institute of Electrical and

Electronics Engineers (IEEE) Transaction style.

Units

The units used in this thesis are based on the International System of Units (SI units).

Spelling

The Australian English spelling is adopted in this thesis.

Page xvii



Page xviii



Publications

Papers 1

[1] J. Zhou and L. B. White, “A H∞ controller design for TCP congestion control,” in Australian Commu-

nications Theory Workshop, Melbourne, February 2011, pp. 60–65.

[2] J. Zhou and L. B. White, “A centralized controller design for TCP congestion control,” in ready for

publication, 2013.

[3] J. Zhou and L. B. White, “A weighted regret natching algorithm leading to correlated equilibrium,”

in ready for publication, 2013.

[4] J. Zhou and L. B. White, “A new tcp congestion control algorithm based on game theoretic regret

matching algorithm,” in ready for publication, 2013.

1[2] has been submitted to 2 journals, but was not accepted because of a perceived mismatch be-

tween the paper and the main thrusts of the journals. It appears difficult to find a suitable outlet for

dissemination of this work. However, paper drafts are available on researchgate.org.

Page xix



Page xx



Abbreviations

ACK Acknowledgement

CCC Centralised Congestion Controller

CE Correlated Equilibrium

Cwnd Congestion Window

IP Internet Protocol

ISP Internet Service Provider

LAN Local Area Network

LQG Linear Quadratic Gaussian

NEP Nash Equilibrium Point

NS-2 Network Simulator 2

PDF Probability Distribution Function

PMF Probability Mass Function

QoS Quality of Service

RED Random Early Detection

RLS Recursive Least Square

RTT Round Trip Time

SAP Simple Adaptive Procedure

TCP Transport Control Protocol

Page xxi



Abbreviations

WRM Weighted Regret Matching

Page xxii



List of Figures

1.1 A simple feedback control system . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 An overview of the structure of the thesis . . . . . . . . . . . . . . . . . . 12

2.1 A classic linear feedback control system diagram . . . . . . . . . . . . . . 29

3.1 Internet bottleneck queue model . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 Normalized throughput of S1 when propagation delay is set to be mini-

mum RTT δ = 667 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Average time delay of S1 when propagation delay is set to be minimum

RTT δ = 667 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 Normalized throughput of S1 after parameters setting. . . . . . . . . . . 45

3.5 Average time delay (Unit: ms) of S1 after parameters setting. . . . . . . . 45

3.6 Network link utilisation of S1 after parameters setting. . . . . . . . . . . 46

3.7 Congestion window size of S1 using H∞ controller. . . . . . . . . . . . . 47

3.8 Congestion window size of S1 using TCP Vegas. . . . . . . . . . . . . . . 48

3.9 Difference in TCP normalized throughput of S1 and S2. . . . . . . . . . . 48

3.10 Normalized source throughput with dynamic threshold setting. . . . . . 50

3.11 Normalized network link utilisation with dynamic threshold setting and

its error bar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.12 Source average delay (unit: ms) with dynamic threshold setting and its

error bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1 The network topology of centralised controller . . . . . . . . . . . . . . . 55

Page xxiii



List of Figures

4.2 Structure of Cooperative Controller . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Single bottleneck FIFO queue model . . . . . . . . . . . . . . . . . . . . . 63

4.4 Link utilisation of CCC and TCP Vegas in a single bottleneck queue net-

work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.5 Time delay of CCC and TCP Vegas in a single bottleneck queue network 64

4.6 Fairness in terms of normalized difference between throughput of S1

and throughput of S2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.7 Cwind of User 1 when λ drops from 0.7 to 0.5 at t = 2s . . . . . . . . . . 66

4.8 Control error of User 1 when λ drops from 0.7 to 0.5 at t = 2s . . . . . . . 66

4.9 Cwind of User 2 when λ drops from 0.7 to 0.5 at t = 2s . . . . . . . . . . 68

4.10 Control error of User 2 when λ drops from 0.7 to 0.5 at t = 2s . . . . . . . 68

4.11 Link utilisation for multiple users joining and departing the network . . 69

4.12 Average time delay for multiple users joining and departing the network 69

5.1 Actions in scenario 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.2 Pdf in scenario 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3 Actions in scenario 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Pdf in scenario 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.5 Actions in scenario 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.6 Pdf in scenario 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.7 The probabilities of choosing action ”Straight” by using SAP algorithm . 98

5.8 The probabilities of choosing action ”Straight” by using WRM algorithm 98

5.9 The overall loss of algorithms and error bars . . . . . . . . . . . . . . . . 99

5.10 The regret function R(straight, swerve) for Player 1 when it converges to

CE (P1-”straight”, P2-”swerve”) . . . . . . . . . . . . . . . . . . . . . . . . 99

5.11 The regret function R(straight, swerve) for Player 1 when it converges to

CE (P1-”swerve”, P2-”straight”) . . . . . . . . . . . . . . . . . . . . . . . . 100

Page xxiv



List of Figures

5.12 The global probability of performing $1 coin for both players and its

error bars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.13 The average payoff of Player 1 and the difference between payoffs of

two players . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.14 The regret function R($1, $2) for Player 1 . . . . . . . . . . . . . . . . . . 105

6.1 Internet single bottleneck queue model . . . . . . . . . . . . . . . . . . . 117

6.2 The overall network utilisation of both WRM controller and TCP Vegas

as N increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.3 The average packets time delay of both WRM controller and TCP Vegas

as N increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.4 The global probability distribution of User 1’s Cwnd when N=15. Red

line is the minimum probability of choosing an action 0.1/N. . . . . . . 121

6.5 The global probability distribution of User 1’s Cwnd when N=25. Red

line is the minimum probability of choosing an action 0.1/N. . . . . . . 121

6.6 The global probability distribution of User 1’s Cwnd when N=30. Red

line is the minimum probability of choosing an action 0.1/N. . . . . . . 122

6.7 The global probability distribution of User 1’s Cwnd when N=45. Red

line is the minimum probability of choosing an action 0.1/N. . . . . . . 122

6.8 The link utilisation achieved by both algorithms as number of network

users increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.9 The time delay achieved by both algorithms as number of network users

increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.10 The network utilisation of both WRM controller and TCP Vegas as step

size ν increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.11 The average packets time delay of both WRM controller and TCP Vegas

as step size ν increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.12 The network utilisation of WRM controller as trembling probability δu

increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

Page xxv



List of Figures

6.13 The average packets time delay of both WRM controller and TCP Vegas

as trembling probability δu increases . . . . . . . . . . . . . . . . . . . . . 130

6.14 The count of queue runs empty as trembling probability δu increases . . 131

6.15 The count of more than 40 packets queued as trembling probability δu

increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.16 The link utilisation of both WRM controller and TCP Vegas as back-

ground traffic rate λb increases . . . . . . . . . . . . . . . . . . . . . . . . 135

6.17 The time delay of both WRM controller and TCP Vegas as background

traffic rate λb increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.18 The link utilisation of both WRM controller and TCP Vegas in a network

with high background traffic rate . . . . . . . . . . . . . . . . . . . . . . . 137

6.19 The time delay of both WRM controller and TCP Vegas in a network

with high background traffic rate . . . . . . . . . . . . . . . . . . . . . . . 138

6.20 The difference between two users’ throughput in terms of normalized

link utilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.21 The maximum regret for not playing any other actions maxj:j∈Si
t
Ri

t(si
t, j)

at each time step t in Scenario 1 . . . . . . . . . . . . . . . . . . . . . . . . 141

6.22 The regret functions of Ri
t(30, 35) and Ri

t(31, 25) in Scenario 1 . . . . . . . 141

6.23 The maximum regret for not playing any other actions maxj:j∈Si
t
Ri

t(si
t, j)

at each time step t in Scenario 2 . . . . . . . . . . . . . . . . . . . . . . . . 142

6.24 The regret functions of Ri
t(10, 7) and Ri

t(11, 15) in Scenario 2 . . . . . . . 142

6.25 The maximum regret for not playing any other actions maxj:j∈Si
t
Ri

t(si
t, j)

at each time step t in Scenario 3 . . . . . . . . . . . . . . . . . . . . . . . . 143

6.26 The regret functions of Ri
t(12, 9) and Ri

t(11, 15) in Scenario 3 . . . . . . . 143

7.1 A single bottleneck queue network model . . . . . . . . . . . . . . . . . . 149

7.2 The average throughput of S1 and S2 for Vegas vs Reno . . . . . . . . . . 151

7.3 The Cwnd of S1 and S2 for Vegas vs Reno . . . . . . . . . . . . . . . . . . 152

Page xxvi



List of Figures

7.4 The average throughput of S1 and S2 for WRM vs Reno . . . . . . . . . . 152

7.5 The Cwnd of S1 and S2 for WRM vs Reno . . . . . . . . . . . . . . . . . . 153

7.6 The ratio of two algorithms’ throughput as threshold of RED queue in-

creases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.7 The average packets time delay in each network as threshold of RED

queue increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.8 The ratio of two algorithms’ throughput when maxcwnd of WRM con-

troller changes from 30 to 20 . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.9 The average packets time delay in each network when maxcwnd of

WRM controller changes from 30 to 20 . . . . . . . . . . . . . . . . . . . . 158

7.10 The network model to simulate different packet loss rates for two users. 160

7.11 Jain’s fairness indexes of WRM controller, TCP Vegas and TCP Reno as

packet loss rate of the second TCP connections increases . . . . . . . . . 160

Page xxvii



Page xxviii



List of Tables

4.1 The network link utilisation and average packets time delay of LCC and

CCC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 The payoff function table of Player 1 and Player 2 for Game 2 . . . . . . 96

5.2 The loss function table of Player 1 and Player 2 for Game 2 . . . . . . . . 97

5.3 The payoff function table of Player 1 and Player 2 for Game 3 . . . . . . 101

5.4 The global probabilities of performing actions for each player . . . . . . 103

5.5 The payoff received by players and the difference between payoffs of P1

& P2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.6 Pay off function of Game 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.1 The average number of queued packets of users . . . . . . . . . . . . . . 123

6.2 The time delay of both algorithms and their difference . . . . . . . . . . . 137

6.3 The max regret function maxj:j∈Si
t
Ri

t(si
t, j) of user 1 and user 2 in three

scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.1 The parameters setting for WRM controller . . . . . . . . . . . . . . . . . 151

7.2 The min threshold and corresponding max threshold in the simulation . 155

Page xxix


	TITLE: Techniques for Quality of Service Improvement in Internetworks
	Contents
	Abstract
	Statement of Originality
	Acknowledgments
	Conventions
	Publications
	Abbreviations
	List of Figures
	List of Tables


