' Copyright byLee Arthur Spector1992

DEDICATIONTo Rebecca2

ACKNOWLEDGMENTSJim Hendler directed and funded the project described herein. He also generouslysupported several detours in the research that have yet to be documented. Themembers of my preliminary exam and dissertation defense committees�DavidStotts, Jim Reggia, Don Perlis, Dana Nau, John Horty, and Jordan Grafman�alsohelped to guide the research.Invaluable feedback was provided by many other people, including CynthiaWoods, Anne Wilson, Clare Voss, Joe Sokal, Stephen Joseph Smith, Jim Sanborn,William C. Regli, Eduardo Ostertag, Madhura Nirkhe, Charles Chien-Hong Lin,Robert Kohout, Brian Kettler, Raghu Karinthi, SubbaRao Kambhampati, SubrataGhosh, Terry Gaasterland, Antony Fine, Matthew Evett, Dan Eshner, LeonardDickens, Yuan Cui, Scott Blanksteen, Benjy Bernhardt, Gregory Baratoff, and BillAndersen.This work was supported in part by the University of Maryland Systems ResearchCenter (an NSF-supported engineering research center) and in part by grants fromNSF (grant number IRI-8907890, J. Hendler, D. Nau, principal investigators) andfrom the Office of Naval Research (grant number N00014-88-K-0560, J. Hendler,principal investigator).To my wife Rebecca, my parents, and my family I am grateful for support of3uncountably many varieties.

TABLE OF CONTENTS

Section

PageChapter 1 Introduction1PART I PLANNING, REACTION, AND ABSTRACTIONChapter 2 Planning and Reaction6 2.1 Static-World Planning7 2.2 Generating Planned Activity13 2.3 Problems of Integrated Behavior19Chapter 3 Abstraction in Planning26 3.1 The Abstraction Kaleidoscope26 3.2 Reduced Partition Abstraction35 3.3 Partitioned Control Abstraction39 3.4 Reduced Partitions and Partitioned Control45PART II SUPERVENIENT LEVELSChapter 4 Supervenience48Chapter 5 Supervenience Formalized59 5.1 The Role and Nature of the Formalism59 5.2 Argument Systems64 5.3 Layered Argument Systems and Supervenient Planning Hierarchies68Chapter 6 Supervenience and ABSTRIPS72PART III IMPLEMENTATIONChapter 7 The Supervenience Architecture84 7.1 Introduction85 7.2 The Gulf Between Theory and Practice86 7.3 General Architecture88 7.4 Comparison to the Subsumption Architecture93Chapter 8 The Abstraction-Partitioned Evaluator (APE)97 8.1 Introduction97 8.2 Specific Levels98 8.2.1 Philosophical and Psychological Evidence99 8.2.2 Summary of Levels in APE104 8.2.2 Types of Knowledge at Each Level107 8.3 Specialization of the Supervenience Architecture1104 8.4 Knowledge Representation113

8.5 Operators120 8.6 Translators127 8.7 Strategies for Monitoring132 8.8 Parallelism: Theoretical and Simulated138Chapter 9 HomeBot142 9.1 Domain Description142 9.2 Application of APE147 9.3 Examples149 9.3.1 Basic Examples150 9.3.1.1 Basic Operators and Translators151 9.3.1.2 HomeBot Feels Pain154 9.3.1.3 HomeBot Navigates164 9.3.1.4 HomeBot and the Ice Cube170 9.3.2 Doorbells, Fire, and Overflowing Sinks178 9.3.2.1 Doorbells178 9.3.2.2 Fire182 9.3.2.3 Overflowing Sinks186 9.4 Performance190PART IV CONCLUSIONSChapter 10 Summary and Future Directions196Bibliography2085

LIST OF FIGURES

Number

Page1. Sussman�s Anomaly.202. A partially ordered set of planning levels.893. A totally ordered supervenient planning hierarchy.914. A single level of the supervenience architecture.925. �Traditional� control system decomposition adapted from [Brooks 1990].946. �Task achieving� decomposition adapted from [Brooks 1990].957. The specific levels of APE.1058. A single level of APE in detail.1109. A detailed look at the bottom level of APE.11310. Query functions.11711. Command functions.11812. A simple APE operator for doing laundry.12113. A translator for laundry-piles.12814. Supply tuples for the laundry-pile translator example.13115. Monitoring with a demon.13316. Monitoring with a demon that checks other items on the blackboard.13417. A looping step monitor.13618. The Petri net fragment corresponding to the code in Figure 17.13719. HomeBot�s domain.14420. A snapshot of the user interface to the HomeBot system.14521. Valid argument combinations for control.149622. Basic HomeBot operators used in examples.152

23. Basic HomeBot translators used in examples.15324. The pain-reflex operator.15425. The Petri net of the pain-reflex operator.15526. The hand-pain-reflex operator.15627. The Petri net of the hand-pain-reflex operator.15728. The Petri net of the roll operator.16529. The Petri net of the navigate operator.16630. The motion-blockage translator.16731. The roll-on-path operator.16732. Operator activations during navigation.16933. Short-circuited path planning resulting from the removal of an obstacle.17034. Operator activations leading to initial steps.17235. Operator activations while grabbing the dirty sock.17436. Operator activations during the transition between tasks.17537. Operator activations during resumption of the laundry task.17738. The hear operator.17939. The door-answering-reflex operator.18040. The fight-fire operator.18341. The infer-fire-from-smoke operator.18442. The fire-detection translator.18443. The smoke-detection translator.18444. The room-visit-recency operator (abbreviated).18745. The room translator.18846. The temporal-room translator.18847. The visit-rooms operator.189748. The go-room translator.189

49. The temporal-go-room translator.19050. Allocations of functions within APE�s feap structures.19151. HomeBot cycle speed vs. length of run.19352. Run time of a key blackboard procedure across a single run of the system.19453. Forms of abstraction.2008