Layered Learning in Multi-Agent Systems

Peter Stone December 15, 1998

CMU-CS-98-187

School of Computer Science Carnegie Mellon University Pittsburgh, PA 15213-3891

Submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy

Thesis Committee: Manuela M. Veloso, Chair Andrew W. Moore Herbert A. Simon Victor R. Lesser (University of Massachusetts, Amherst)

Copyright © 1998 Peter Stone

The work has been supported through the generosity of the NASA Graduate Student Research Program (GSRP). This research is also sponsored in part by the Defense Advanced Research Projects Agency (DARPA), and Rome Laboratory, Air Force Materiel Command, USAF, under agreement numbers F30602- 95-1-0018, F30602-97-2-0250 and F30602-98-2-0135 and in part by the Department of the Navy, Office of Naval Research under contract number N00014-95-1-0591. Views and conclusions contained in this document are those of the authors and should not be interpreted as necessarily representing the official policies or endorsements, either expressed or implied, of NASA, the Defense Advanced Research Projects Agency (DARPA), the Air Force Research Laboratory (AFRL), the Department of the Navy, Office of Naval Research, or the U.S. Government.

Keywords: Multi-agent systems, machine learning, multi-agent learning, control learning, hierarchical learning, reinforcement learning, decision tree learning, neural networks, robotic soccer, network routing

Abstract

Multi-agent systems in complex, real-time domains require agents to act effectively both autonomously and as part of a team. This dissertation addresses multi-agent systems consisting of teams of autonomous agents acting in real-time, noisy, collaborative, and adversarial environments. Because of the inherent complexity of this type of multi-agent system, this thesis investigates the use of machine learning within multi-agent systems. The dissertation makes four main contributions to the fields of Machine Learning and Multi-Agent Systems.

First, the thesis defines a team member agent architecture within which a flexible team structure is presented, allowing agents to decompose the task space into flexible roles and allowing them to smoothly switch roles while acting. Team organization is achieved by the introduction of a locker-room agreement as a collection of conventions followed by all team members. It defines agent roles, team formations, and pre-compiled multi-agent plans. In addition, the team member agent architecture includes a communication paradigm for domains with single-channel, low-bandwidth, unreliable communication. The communication paradigm facilitates team coordination while being robust to lost messages and active interference from opponents.

Second, the thesis introduces layered learning, a general-purpose machine learning paradigm for complex domains in which learning a mapping directly from agents’ sensors to their actuators is intractable. Given a hierarchical task decomposition, layered learning allows for learning at each level of the hierarchy, with learning at each level directly affecting learning at the next higher level.

Third, the thesis introduces a new multi-agent reinforcement learning algorithm, namely team-partitioned, opaque-transition reinforcement learning (TPOT-RL). TPOT-RL is designed for domains in which agents cannot necessarily observe the state changes when other team members act. It exploits local, action-dependent features to aggressively generalize its input representation for learning and partitions the task among the agents, allowing them to simultaneously learn collaborative policies by observing the long-term effects of their actions.

Fourth, the thesis contributes a fully functioning multi-agent system that incorporates learning in a real-time, noisy domain with teammates and adversaries. Detailed algorithmic descriptions of the agents’ behaviors as well as their source code are included in the thesis.

Empirical results validate all four contributions within the simulated robotic soccer domain. The generality of the contributions is verified by applying them to the real robotic soccer, and network routing domains. Ultimately, this dissertation demonstrates that by learning portions of their cognitive processes, selectively communicating, and coordinating their behaviors via common knowledge, a group of independent agents can work towards a common goal in a complex, real-time, noisy, collaborative, and adversarial environment.

4

Acknowledgements

I would like to thank many people for their support, encouragement and guidance during my years as a graduate student here at CMU.

First and foremost, this dissertation represents a great deal of time and effort not only on my part, but on the part of my advisor, Manuela Veloso. She has helped me shape my research from day one, pushed me to get through the inevitable research setbacks, and encouraged me to achieve to the best of my ability. Without Manuela, this dissertation would not have happened.

I also thank my other three committee members, Andrew Moore, Herb Simon, and Victor Lesser for valuable discussions and comments regarding my research.

Almost all research involving robots is a group effort. The members of the CMU robosoccer lab have all contributed to making my research possible. Sorin Achim, who has been with our project almost from the beginning has tirelessly experimented with different robot architectures, always managing to pull things together and create working hardware in time for competitions. Kwun Han was a partner in the software development of the CMUnited-97 team, as well as an instrumental hardware developer for CMUnited-98. Mike Bowling successfully created a new software approach for the CMUnited-98 robots. He also collaborated on an early simulator agent implementation. Patrick Riley put up with many demands and requests in a short period of time as he helped me create the CMUnited-98 simulator software. And Manuela has heroically managed all of these projects while also staying involved in the low-level details. I have been proud to share CMUnited’s success with all of these people.

Many other people at CMU have helped shape my research. Members of the PRODIGY group, including Jim Blythe, Jaime Carbonell, Eugene Fink, and Xuemei Wang, encouraged me in the early states of my research. Members of Reinforcement Learning group, especially Justin Boyan, Rich Caruana, Astro Teller, Belinda Thom, and Will Uther, have also provided me with comments and suggestions along the way. Mike Bowling and Tucker Balch helped me specifically with the writing of this thesis.

Outside of CMU, I owe thanks to other members of the robotic soccer community. First, Alan Mackworth deserves special credit for originally recognizing the challenges of this domain. He and his student, Michael Sahota, were very helpful in our initial forays into this domain. Among many others, I thank Hiroaki Kitano and Minoru Asada for their endless efforts in promoting robotic soccer and making the international RoboCup competitions possible. Special thanks go to Itsuki Noda, who created the soccer server, and who has been very receptive to suggestions for its continued development. Without Noda’s soccer server, my research surely would have followed a different course. I also thank Steve Chien for inviting me to work with him at JPL during the summer of 1995.

On a more personal note, I have been lucky to have many close friends who have helped to make my time as a graduate student enjoyable. Astro Teller has been a friend and confidant throughout the entire process here. Belinda Thom and Justin Boyan also stand out as people with whom I spent many enjoyable hours away from the office.

My parents, Russell and Rala Stone, and my sister Mira have always been, and continue to be, there for me at all times. And most of all, my wife Tammy has been incredibly supportive, understanding, and encouraging as she has gone through the entire graduate experience with me.

Contents

1 Introduction 19 1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.2 Objectives and Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 1.2.1 Thesis Question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 1.2.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 1.4 Reader’s Guide to the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Substrate Systems 25 2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2 The RoboCup Soccer Server . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.2.1 Overview of the Simulator . . . . . . . . . . . . . . . . . . . . . . . . 27 2.2.2 The Simulated World . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.2.3 Agent Perception . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 2.2.4 Agent Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.2.5 Sample Trace . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 2.2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.3 The CMUnited-97 Real Robots . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.3.1 Overall Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.3.2 The Image Processor . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.3.3 Agent Perception and Action . . . . . . . . . . . . . . . . . . . . . . 48 2.4 Network Routing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 2.4.1 Agent Perception and Action . . . . . . . . . . . . . . . . . . . . . . 51 2.4.2 Example Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Team Member Agent Architecture 53 3.1 Periodic Team Synchronization (PTS) Domains . . . . . . . . . . . . . . . . 54 3.2 Architecture Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.3 Teamwork Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.3.1 Roles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.3.2 Formations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 3.3.3 Set-Plays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.4 Communication Paradigm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 3.4.1 Message Targeting and Distinguishing . . . . . . . . . . . . . . . . . 63

3.4.2 Robustness to Active Interference . . . . . . . . . . . . . . . . . . . . 63 3.4.3 Multiple Simultaneous Responses . . . . . . . . . . . . . . . . . . . . 64 3.4.4 Robustness to Lost Messages . . . . . . . . . . . . . . . . . . . . . . . 65 3.4.5 Team Coordination . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.5 Implementation in Robotic Soccer . . . . . . . . . . . . . . . . . . . . . . . . 66 3.5.1 Action Cycle and World Model . . . . . . . . . . . . . . . . . . . . . 66 3.5.2 Teamwork Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.5.3 Communication Paradigm . . . . . . . . . . . . . . . . . . . . . . . . 80 3.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 3.6.1 Teamwork Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 3.6.2 Communication Paradigm . . . . . . . . . . . . . . . . . . . . . . . . 84 3.7 Transfer to the Real Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 3.8 Discussion and Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . 87 3.8.1 Teamwork Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 3.8.2 Communication Paradigm . . . . . . . . . . . . . . . . . . . . . . . . 89

4 Layered Learning 91 4.1 Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 4.2 Instantiation in Simulated Robotic Soccer . . . . . . . . . . . . . . . . . . . 94 4.2.1 Implemented Learned Layers . . . . . . . . . . . . . . . . . . . . . . . 94 4.2.2 Future Learned Layers . . . . . . . . . . . . . . . . . . . . . . . . . . 96 4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 4.3.1 On-line and Off-line Learning . . . . . . . . . . . . . . . . . . . . . . 97 4.3.2 Framing within the Team Member Agent Architecture . . . . . . . . 99 4.3.3 Error Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 4.4 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 4.4.1 Robotic Soccer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 4.4.2 Layered Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . 101 4.4.3 Hierarchical Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 Learning an Individual Skill 105 5.1 Ball Interception in the Soccer Server . . . . . . . . . . . . . . . . . . . . . . 105 5.2 Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 5.3.1 Number of Training Examples . . . . . . . . . . . . . . . . . . . . . . 109 5.3.2 Effect of Noise in the Simulation . . . . . . . . . . . . . . . . . . . . 109 5.3.3 Comparison with other Methods . . . . . . . . . . . . . . . . . . . . . 110 5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 5.5 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6 Learning a Multi-Agent Behavior 115 6.1 Decision Tree Learning for Pass Evaluation . . . . . . . . . . . . . . . . . . . 115 6.1.1 Setup and Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 6.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.1.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2 Using the Learned Behaviors . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 6.3 Scaling up to Full Games . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 6.3.1 Receiver Choice Functions (RCFs) . . . . . . . . . . . . . . . . . . . 125 6.3.2 Reasoning about Action Execution Time . . . . . . . . . . . . . . . . 128 6.3.3 Incorporating the RCF in a Behavior . . . . . . . . . . . . . . . . . . 129 6.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 6.3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 6.4.1 Pass Evaluation within Layered Learning . . . . . . . . . . . . . . . . 133 6.4.2 Confidence Factors for Agent Control . . . . . . . . . . . . . . . . . . 133 6.5 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7 Learning a Team Behavior 135 7.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 7.1.1 Pass Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 7.1.2 Reinforcement Learning for Pass Selection . . . . . . . . . . . . . . . 138 7.2 TPOT-RL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 7.2.1 State Generalization . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.2 Value Function Learning . . . . . . . . . . . . . . . . . . . . . . . . . 141 7.2.3 Action Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 7.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 7.3 TPOT-RL Applied to Simulated Robotic Soccer . . . . . . . . . . . . . . . . 145 7.3.1 State Generalization Using a Learned Feature . . . . . . . . . . . . . 146 7.3.2 Value Function Learning via Intermediate Reinforcement . . . . . . . 147 7.3.3 Action Selection for Multi-Agent Training . . . . . . . . . . . . . . . 149 7.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 7.4 TPOT-RL Applied to Network Routing . . . . . . . . . . . . . . . . . . . . . 153 7.4.1 State Generalization . . . . . . . . . . . . . . . . . . . . . . . . . . . 154 7.4.2 Value Function Learning . . . . . . . . . . . . . . . . . . . . . . . . . 155 7.4.3 Action Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 7.4.4 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 7.4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 7.5.1 Pass Selection within Layered Learning . . . . . . . . . . . . . . . . . 163 7.5.2 TPOT-RL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 7.6 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

8 Competition Results 169 8.1 Pre-RoboCup-96 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 8.2 MiroSot-96 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 8.3 RoboCup-97 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 8.3.1 Simulator Competition . . . . . . . . . . . . . . . . . . . . . . . . . . 172 8.3.2 Small-Robot Competition . . . . . . . . . . . . . . . . . . . . . . . . 173 8.4 RoboCup-98 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

8.4.1 Simulator Competition . . . . . . . . . . . . . . . . . . . . . . . . . . 174 8.4.2 Small-Robot Competition . . . . . . . . . . . . . . . . . . . . . . . . 176 8.5 Lessons Learned from Competitions . . . . . . . . . . . . . . . . . . . . . . . 176 8.5.1 Hazards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 8.5.2 Benefits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

9 Related Work 181 9.1 MAS from an ML Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . 181 9.1.1 Homogeneous, Non-Communicating MAS . . . . . . . . . . . . . . . . 183 9.1.2 Heterogeneous, Non-Communicating MAS . . . . . . . . . . . . . . . 187 9.1.3 Homogeneous, Communicating MAS . . . . . . . . . . . . . . . . . . 192 9.1.4 Heterogeneous, Communicating MAS . . . . . . . . . . . . . . . . . . 194 9.1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 9.2 Robotic Soccer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 9.2.1 Foundations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 9.2.2 The Competition Years . . . . . . . . . . . . . . . . . . . . . . . . . . 203 9.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

10 Conclusions and Future Work 209 10.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209 10.2 Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 10.2.1 Robotic Soccer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 10.2.2 Contributed Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . 211 10.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

A List of Acronyms 215

B Robotic Soccer Agent Skills 217 B.1 CMUnited-98 Simulator Agent Skills . . . . . . . . . . . . . . . . . . . . . . 217 B.1.1 Kicking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 B.1.2 Dribbling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 B.1.3 Smart Dribbling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 B.1.4 Ball Interception . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 B.1.5 Goaltending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 B.1.6 Defending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 B.1.7 Clearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222 B.2 CMUnited-97 Small-Robot Skills . . . . . . . . . . . . . . . . . . . . . . . . 223 B.2.1 Non-holonomic Path Generation . . . . . . . . . . . . . . . . . . . . . 223 B.2.2 Ball Handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 B.2.3 Obstacle Avoidance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225 B.2.4 Goaltending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225 B.2.5 Run-time Evaluation of Collaborative Opportunities . . . . . . . . . . 226

C CMUnited-98 Simulator Team Behavior Modes 229 C.1 Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 C.2 Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

D CMUnited Simulator Team Source Code 233

12 CONTENTS

List of Figures

2.1 The soccer server display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.2 A sample period of the server-client interface over the course of 3 simulator cycles at times t-1, t, and t+1. . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.3 The locations and names of the visible markers in the soccer server. . . . . . 30 2.4 The visible range of an individual agent in the soccer server. . . . . . . . . . 36 2.5 A trace of the soccer server’s input and output to one client. . . . . . . . . . 41 2.6 The CMUnited-97 robot team that competed in RoboCup-97. . . . . . . . . 45 2.7 The CMUnited-97 robot architecture with global perception and distributed action. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.8 An example of a still image of our initial CMUnited-96 robot implementation captured by the framegrabber. . . . . . . . . . . . . . . . . . . . . . . . . . . 47 2.9 An example of the packet routing problem. . . . . . . . . . . . . . . . . . . . 51

3.1 A functional input/output model of the team member agent architecture for PTS domains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.2 Behaviors in the team member agent architecture. . . . . . . . . . . . . . . . 58 3.3 A team of agents smoothly switching roles and formations over time. . . . . 60 3.4 The agent’s object type hierarchy. . . . . . . . . . . . . . . . . . . . . . . . . 68 3.5 An example of a simplified top-level external behavior for a robotic soccer player. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.6 Different positions with home coordinates and home and max ranges. . . . . 74 3.7 A possible formation (4-3-3) for a team of 11 players. . . . . . . . . . . . . . 74 3.8 The four rectangles considered for positioning when using SPAR. . . . . . . . 78 3.9 A sample corner-kick set-play. . . . . . . . . . . . . . . . . . . . . . . . . . . 80 3.10 Two different defined formations. . . . . . . . . . . . . . . . . . . . . . . . . 87

4.1 A sample task decomposition within the layered learning framework in a collaborative and adversarial multi-agent domain. . . . . . . . . . . . . . . . . . 92

5.1 The challenge of ball interception. . . . . . . . . . . . . . . . . . . . . . . . . 106 5.2 The range of training situations for learning ball interception. . . . . . . . . 108 5.3 The defender’s performance when using NNs trained with different numbers of positive examples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.4 The defender’s performance when using NNs and moving straight with different amounts of ball noise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1 The pass evaluation training process, part 1. . . . . . . . . . . . . . . . . . . 117 6.2 The pass evaluation training process, part 2. . . . . . . . . . . . . . . . . . . 117 6.3 The pass evaluation training process, part 3. . . . . . . . . . . . . . . . . . . 118 6.4 The pass evaluation training process, part 4. . . . . . . . . . . . . . . . . . . 118 6.5 The pass evaluation training process, part 5. . . . . . . . . . . . . . . . . . . 119 6.6 The trained decision tree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 6.7 An illustration of the implemented play sequence. . . . . . . . . . . . . . . . 124 6.8 Player positions used by the behaviors in this section. . . . . . . . . . . . . . 126 6.9 The differences in cumulative goals as the runs progress. . . . . . . . . . . . 131 6.10 The differences in cumulative games won as the runs progress. . . . . . . . . 132

7.1 An example of when it might be useful to pass backwards. . . . . . . . . . . 137 7.2 The action space used in this chapter. . . . . . . . . . . . . . . . . . . . . . . 145 7.3 The component r_o of the reward function R_i based on the circumstances under which the ball goes out of bounds. . . . . . . . . . . . . . . . . . . . . . . . . 148 7.4 Total goals scored by a learning team playing against a randomly passing team.150 7.5 The results after training of 3 different runs against the OPR team. . . . . . 151 7.6 The results after training of 5 different TPOT-RL runs against the switching team. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 7.7 The results after training of 2 different runs against the OPR team. . . . . . 154 7.8 The network architecture used for our experiments. . . . . . . . . . . . . . . 158 7.9 Average delivery time of packets in a network with the top-heavy traffic pattern when using three different routing strategies: RAND, SHRT, and TPOT- RL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 7.10 Average number of hops for packets in a network with the top-heavy traffic pattern when using three different routing strategies: RAND, SHRT, and TPOT-RL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 7.11 Average delivery time of packets in a network with the top-heavy traffic pattern when using three different routing strategies: QROUT, HAND, and TPOT-RL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 7.12 Average number of hops for packets in a network with the top-heavy traffic pattern when using three different routing strategies: QROUT, HAND, and TPOT-RL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 7.13 Fixed policies running in the top-heavy and bottom-heavy traffic patterns. . 162 7.14 Fixed policies running in the top-heavy, bottom-heavy, and switching traffic patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

9.1 The general multi-agent scenario. . . . . . . . . . . . . . . . . . . . . . . . . 183 9.2 MAS with homogeneous, non-communicating agents. . . . . . . . . . . . . . 184 9.3 MAS with heterogeneous, non-communicating agents. . . . . . . . . . . . . . 187 9.4 MAS with homogeneous, communicating agents. . . . . . . . . . . . . . . . . 193 9.5 MAS with heterogeneous, communicating agents. . . . . . . . . . . . . . . . 194

B.1 The turnball skill. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218 B.2 Basic kicking with velocity prediction. . . . . . . . . . . . . . . . . . . . . . 218

B.3 The basic dribbling skill. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 B.4 The weights for smart dribbling. . . . . . . . . . . . . . . . . . . . . . . . . . 220 B.5 Positioning for defensive tracking and marking. . . . . . . . . . . . . . . . . 222 B.6 Measuring the expected success of a clear. . . . . . . . . . . . . . . . . . . . 223 B.7 Single-agent behaviors to enable team collaboration . . . . . . . . . . . . . . 224 B.8 Obstacle avoidance through dynamic generation of intermediate targets. . . . 225 B.9 Goaltending. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226 B.10 Run-time pass evaluation based on the positions of opponents. . . . . . . . . 227

16 LIST OF FIGURES

List of Tables

1.1 Correspondence between the thesis contributions and the dissertation chapters. 24

2.1 A comparison of the experimental domains used in this thesis. . . . . . . . . 26 2.2 The soccer server agents’ sensors. . . . . . . . . . . . . . . . . . . . . . . . . 38 2.3 The soccer server agents’ commands. . . . . . . . . . . . . . . . . . . . . . . 40 2.4 Soccer server version 4 parameters along with their default values used in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.5 Challenges for the soccer server agents. . . . . . . . . . . . . . . . . . . . . . 44 2.6 The functional layers of the robot architecture with their inputs and outputs. 46 2.7 A high-level view of our algorithm for locating a given robot in a still frame used by the CMUnited-96 vision-processing software. . . . . . . . . . . . . . 48

3.1 The characteristics and challenges of the type of communication environment considered in this section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 3.2 Results when a flexible team plays against a rigid team. . . . . . . . . . . . . 83 3.3 Results when only using flexible positions and only using set-plays. . . . . . 83 3.4 Comparison of the different formations. . . . . . . . . . . . . . . . . . . . . . 83 3.5 The number of responses that get through to agents when responses are delayed and when they are not. . . . . . . . . . . . . . . . . . . . . . . . . . . 85 3.6 The time it takes for the entire team to change team strategies when a single agent makes the decision. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.1 The key principles of layered learning. . . . . . . . . . . . . . . . . . . . . . 93 4.2 Examples of different behavior levels in robotic soccer. . . . . . . . . . . . . 94 4.3 The learning methods used for the implemented layers in the simulated robotic soccer layered learning implementation. . . . . . . . . . . . . . . . . . . . . . 96 4.4 The proposed learning methods for the future layers in the simulated robotic soccer layered learning implementation. . . . . . . . . . . . . . . . . . . . . . 97

5.1 The defender’s performance when using a NN, a one-dimensional lookup table, and an analytic method to determine the TurnAng_t. . . . . . . . . . . . . . . 112

6.1 The training procedure for learning pass evaluation. . . . . . . . . . . . . . . 116 6.2 The complete list of 174 continuous and ordinal features available to the decision tree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

18 LIST OF TABLES

6.3 The results of 5000 trials during which the passer uses the DT to choose the receiver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.4 Specification of three RCFs: PRW, RAND, and DT. . . . . . . . . . . . . . 127 6.5 The ordered preference lists of the positions when using the PRW RCF. . . . 128 6.6 The complete behavior used by the players in game situations to test the different RCFs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 6.7 OPR and OPL behavior specifications. . . . . . . . . . . . . . . . . . . . . . 131 6.8 The results of using different RCFs. . . . . . . . . . . . . . . . . . . . . . . . 131 6.9 The effect of reasoning about action-execution time within an RCF. . . . . . 132

7.1 A sample Q-table for a single agent when |U| = 3 and |A| = 2. . . . . . . . . 142 7.2 The resulting Q-tables when U = {u_0, u_1, u_2}, A = {a_0, a_1}, and (a) W = {u_0, u_2}, or (b) W = {u_2}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

8.1 The research techniques used by the various CMUnited teams which we entered in competitions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 8.2 The scores of CMUnited-96’s games in the simulator league of Pre-RoboCup-96.170 8.3 The score of CMUnited-96’s game in the robot league of MiroSot-96. . . . . 171 8.4 The scores of CMUnited-96’s games in the single robot league of MiroSot-96. 172 8.5 The scores of CMUnited-97’s games in the simulator league of RoboCup-97. 173 8.6 The scores of CMUnited-97’s games in the small-robot league of RoboCup-97. 174 8.7 The scores of CMUnited-98’s games in the simulator league of RoboCup-98. 175 8.8 The scores of CMUnited-98’s games in the small-robot league of RoboCup-98. 176

9.1 Issues arising in the various MAS scenarios as reflected in the literature. . . . 182 9.2 The issues and techniques for homogeneous, non-communicating multi-agent systems as reflected in the literature. . . . . . . . . . . . . . . . . . . . . . . 184 9.3 The issues and techniques for heterogeneous, non-communicating multi-agent systems as reflected in the literature. . . . . . . . . . . . . . . . . . . . . . . 188 9.4 The issues and techniques for homogeneous, communicating multi-agent systems as reflected in the literature. . . . . . . . . . . . . . . . . . . . . . . . . 193 9.5 The issues and techniques for heterogeneous, communicating multi-agent systems as reflected in the literature. . . . . . . . . . . . . . . . . . . . . . . . . 195