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Abstract

Pricing and Flow Control in Communications Networks

by

John T. Musacchio

Doctor of Philosophy in Engineering - Electrical Engineering

and Computer Sciences

University of California, Berkeley

Professor Jean Walrand, Chair

In the first part of this dissertation, we study the economic interests of a wireless access

point owner and his paying client, and model their interaction as a dynamic game. The

key feature of this game is that the players have asymmetric information – the client

knows more than the access provider. We find that if a client has a “web browser” utility

function (a temporal utility function that grows linearly), it is a Nash equilibrium for the

provider to charge the client a constant price per unit time. On the other hand, if the

client has a “file transferor” utility function (a utility function that is a step function),

the client would be unwilling to pay until the final time slot of the file transfer. We also

study an expanded game where an access point sells to a reseller, which in turn sells

to a mobile client and show that if the client has a web browser utility function, that

constant price is a Nash equilibrium of the three player game. Finally, we study a two

player game in which the access point does not know whether he faces a web browser or
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file transferor type client, and show conditions for which it is not a Nash equilibrium for

the access point to maintain a constant price.

In the second part of this dissertation we study a simple ingress policing scheme

for a stochastic queuing network that uses a round-robin service discipline, and derive

conditions under which the flow rates approach a max-min fair share allocation. The

scheme works as follows: Whenever any of a flow’s queues exceeds a policing threshold,

the network discards that flow’s arriving packets at the network ingress, and does so until

all of that flow’s queues fall below their thresholds. To prove our results, we consider

the fluid limit of a sequence of queuing networks with increasing thresholds. Using a

Lyapunov function derived from the fluid limits, we find that as the policing thresholds

are increased, the state of the stochastic system is attracted to a smaller and smaller

neighborhood surrounding the equilibrium of the fluid model. We then show how this

property implies that the achieved flow rates approach the max-min rates predicted by

the fluid model.

Professor Jean Walrand
Dissertation Committee Chair



i

To my mother and father.



ii

Contents

List of Figures v

I WiFi Pricing 1

1 Introduction 2
1.1 Alternative Charging Models . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Making the P2P Model Viable . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 The Problem of Contract Enforcement in a P2P Model . . . . . . . . . . . 5
1.4 Possible Payment Architecture . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Security Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.7 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Game-Theoretic Analysis 11
2.1 Basic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Web Browsing Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Web Browsing Examples . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Uniqueness of the PBE . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.3 Multiple Hops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 File Transfer Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.1 Inefficiency of the File Transfer Model Equilibrium . . . . . . . . . 30

2.4 Bayesian Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.1 Unbounded Length . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.5 Result Summary and Implications to P2P Model of WiFi Pricing . . . . . 40

3 Dynamic Programming Formulation of Returning Clients 43
3.1 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52



iii

II Achieving Fair Rates with Ingress Policing 54

4 Introduction 55
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Model 66
5.1 Flows and Classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2 Queues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3 Policing Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.4 A Simple Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.5 Threshold Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.6 Candidate Equilibrium and “Relative” Initial Condition . . . . . . . . . . 74
5.7 Dynamics of System-n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.7.1 Arrivals, Departures, and Routing . . . . . . . . . . . . . . . . . . 76
5.7.2 Queueing Discipline . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.7.3 Trajectory Notation . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 Proof Strategy 80
6.1 Result Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7 Fluid Limit Analysis 86
7.1 Preliminary Lemmas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2 Convergence to a Fluid Limit along a Subsequence . . . . . . . . . . . . . 91

7.2.1 Sliding Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
7.3 Upgrading Convergence along Subsequences to Convergence on Sequences 100
7.4 Convergence to Fluid Model Rates on a Compact Time Interval . . . . . . 102
7.5 Stochastic System Attracted to Fluid Equilibrium . . . . . . . . . . . . . 104
7.6 Hitting Times on a Neighborhood of the Fluid Equilibrium . . . . . . . . 107
7.7 Convergence of Long Term Rates . . . . . . . . . . . . . . . . . . . . . . . 111

8 Round Robin Network without Loops 119
8.1 Fluid Model Example. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.2 Pipeline Notation and Properties . . . . . . . . . . . . . . . . . . . . . . . 125
8.3 Max-Min Fair Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
8.4 Fluid Model Rate Lemmas . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
8.5 Demand Limited Flow Analysis . . . . . . . . . . . . . . . . . . . . . . . . 131
8.6 Bottleneck Limited Flow Analysis . . . . . . . . . . . . . . . . . . . . . . . 134
8.7 Final Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.8 Relaxing the Unique Bottleneck Requirement . . . . . . . . . . . . . . . . 149
8.9 Uniformity of the Required Threshold for Different Demand Processes . . 150

9 Conclusion 152



iv

A 154
A.1 Further Explanation of Proof of Theorem 7.10 . . . . . . . . . . . . . . . . 154
A.2 Proofs of Lemmas in Chapter 8 . . . . . . . . . . . . . . . . . . . . . . . . 155

Bibliography 162



v

List of Figures

1.1 Payment architecture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Multi-hop scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 PBE prices in Bayesian game. . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 Optimal reward to go for α = 0.7. . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Optimal price as a function of lower bound, for α = 0.7 . . . . . . . . . . 48
3.3 Optimal price decision tree for α = 0.7 . . . . . . . . . . . . . . . . . . . . 50
3.4 Optimal price as a function of lower bound, for α = 0.99 . . . . . . . . . . 51
3.5 Optimal price for α = 0.5, 0.7, 0.9, 0.99 . . . . . . . . . . . . . . . . . . . 52

4.1 A two input, two output switch with virtual output queues. . . . . . . . . 57

5.1 Trajectories of an example network. . . . . . . . . . . . . . . . . . . . . . 70

7.1 The stopping times σi, σi+1, ... and the expected throughput. . . . . . . . 114

8.1 Fluid model trajectory for the example network. . . . . . . . . . . . . . . 120
8.2 Flow pipeline and available rates. . . . . . . . . . . . . . . . . . . . . . . . 137
8.3 The analysis of downstream queues. . . . . . . . . . . . . . . . . . . . . . 138
8.4 Upstream queue Lyapunov function level set. . . . . . . . . . . . . . . . . 142
8.5 Upstream queue analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 142



vi

Acknowledgements

First and foremost, I would like to thank my advisor Jean Walrand. Without

his guidance and support, this dissertation would not have been possible. I am indebted

to him not only for what he has taught me technically, but also for all of the other insight

that he has shared with me over the years that I know will benefit me in many ways

throughout my career. I am especially grateful for his patience and advice when progress

was difficult.

I also thank my other dissertation committee members, Pravin Varaiya and

John Chuang, for their helpful advice and for the interest and enthusiasm they have

shown for my work. Thanks also go to Kameshwar Poolla, who served on my qualifying

committee and to Costas Spanos who with Kameshwar Poolla co-advised my master’s

degree studies. Their guidance and patience was invaluable to me during my first two

years of graduate study at Berkeley.

I also thank the Berkeley graduate students, as well as the former students

of my advisor, with whom I have worked with over the years. They include: Gaurav

Agrawal, Antonis Dimakis, Rajarshi Gupta, Linhai He, Jeonghoon Mo, Shyam Parekh

and Teresa Tung. I enjoyed working with and learned a lot from each of them.

This work was supported by the Defense Advanced Research Project Agency

under Grant N66001-00-C-8062 and by the National Science Foundation under grant

ANI-0331659. During my years of graduate study at Berkeley, I was also supported by a

Department of Defense National Defence Science and Engineering Graduate Fellowship,

and a Fellowship from the California State MICRO Program.



vii

Preface

This dissertation addresses two important problems in communications networks. Part I

addresses the problem of WiFi access point pricing by modelling the interaction of an

access point owner and paying client as a dynamic game. Part II addresses the problem

of flow control in a queueing network. In particular, we show that a simple ingress

policing scheme is capable of achieving long-term average flow rates that are arbitrarily

close to being max-min fair. To prove our result, we show that the flow rates of the

stochastic network approach the flow rates of a fluid model.


