Group Decision Making and Temporal Reasoning

A thesis presented by Luke Hunsberger to The Division of Engineering and Applied Sciences in partial fulfillment of the requirements for the degree of Doctor of Philosophy in the subject of Computer Science

Harvard University Cambridge, Massachusetts

June, 2002

To the memory of my father Isaac Moyer Hunsberger

Copyright © 2002 by Luke Hunsberger.

All rights reserved.

Abstract

Advisor: Barbara J. Grosz • Group Decision Making and Temporal Reasoning • Luke Hunsberger

The more capable and autonomous computer systems become, the more important it is for them to be able to act collaboratively, whether in groups consisting solely of other computers or in heterogeneous groups of computers and people. To act collaboratively requires that systems have effective group decision-making capabilities. This thesis makes four important contributions to the design of group decision-making mechanisms and algorithms for deploying them in collaborative, multi-agent systems. First, it provides an abstract framework for the specification of group decision-making mechanisms that computer agents can use to coordinate their planning activity when collaborating with other agents. Second, it specifies a combinatorial auction-based mechanism that computer agents can use to help them decide, both individually and collectively, whether to engage in a collaborative activity. Third, it extends the theory of Simple Temporal Networks by providing a rigorous theoretical analysis of an important family of temporal reasoning problems. Fourth, it provides sound, complete and polynomial-time algorithms for solving those temporal reasoning problems and specifies the use of such algorithms by agents participating in the auction-based mechanism.

Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Introduction 1 1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Challenges of Group Decision Making in Collaborative Planning . . . . . . 1 1.3 Background and General Framework for Group Decision Making . . . . . 2 1.3.1 Actions, Act-types and Recipes . . . . . . . . . . . . . . . . . . . 2 1.3.2 Intentions and Intention Cultivation . . . . . . . . . . . . . . . . . 4 1.3.3 The CCGI Model of the Coordinated Cultivation of Group-related Intentions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.3.4 Related Prior Work in Philosophy and AI . . . . . . . . . . . . . . 7 1.4 Road Map for the Remainder of the Thesis . . . . . . . . . . . . . . . . . . 9

I Group Decision Making 10

2 A Framework for Specifying Group Decision-Making Mechanisms 11 2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.1.1 Declarative Speech-Acts . . . . . . . . . . . . . . . . . . . . . . . 12 2.1.2 Intention-Update Operations . . . . . . . . . . . . . . . . . . . . . 13 2.1.3 Social Obligations . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.1.4 Dynamic Deontic Linear Time Temporal Logic (DDLTLB) . . . . . 14 2.2 Specifying a Group Decision-Making Mechanism . . . . . . . . . . . . . . 16 2.2.1 Declarations in the GDMM Framework . . . . . . . . . . . . . . . 16 2.2.2 Authorization Conditions . . . . . . . . . . . . . . . . . . . . . . . 17 2.2.3 Allowable content of agent declarations in a GDMM . . . . . . . . 18 2.2.4 Declarations for a Proposal-based Mechanism: Context-Free Proposals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.2.5 Authorization for Declarations in the Proposal-Based Mechanism:

Context-Free Proposals . . . . . . . . . . . . . . . . . . . . . . . . 20 2.2.6 Example: Using the Proposal-based Mechanism to Establish a Group’s Commitment to some new Activity . . . . . . . . . . . . . 22 2.2.7 Declarations for the Proposal-based Mechanism: Context-Bound Proposals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.8 Authorization for Declarations in the Proposal-Based Mechanism:

Context-Bound Proposals . . . . . . . . . . . . . . . . . . . . . . 25 2.2.9 Example: Using the Proposal-based Mechanism to Make a Group Decision to do an Intention-Update Operation . . . . . . . . . . . . 26 2.3 A Formal Analysis of the Proposal-Based Mechanism . . . . . . . . . . . . 27 2.3.1 Assumptions about Agent Beliefs . . . . . . . . . . . . . . . . . . 27 2.3.2 An Analysis of Context-Free Proposals . . . . . . . . . . . . . . . 28 2.3.3 Extending the Analysis to Context-Bound Proposals . . . . . . . . 30 2.4 The Coordinated-Cultivation Requirement . . . . . . . . . . . . . . . . . . 30 2.5 Enabling an Agent’s Participation . . . . . . . . . . . . . . . . . . . . . . 31

3 A Mechanism for the Initial-Commitment Decision Problem 34 3.1 The Initial-Commitment Decision Problem . . . . . . . . . . . . . . . . . 34 3.2 Combinatorial Auctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.2.1 Existing Winner-Determination Algorithms . . . . . . . . . . . . . 37 3.3 A Modified Combinatorial Auction for the ICDP . . . . . . . . . . . . . . 38 3.3.1 Roles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.3.2 Dealing with Multiple Recipes . . . . . . . . . . . . . . . . . . . . 41 3.3.3 Bids in an ICDP Auction . . . . . . . . . . . . . . . . . . . . . . . 42 3.3.4 Specification of an ICDP Auction . . . . . . . . . . . . . . . . . . 42 3.3.5 The Modified WD Algorithm . . . . . . . . . . . . . . . . . . . . 43 3.4 The ICDP Group Decision-Making Mechanism . . . . . . . . . . . . . . . 47 3.5 Participating Effectively in the ICDP Mechanism . . . . . . . . . . . . . . 52 3.6 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

II Temporal Reasoning 56

4 Simple Temporal Networks 57 4.1 Existing Theory of Simple Temporal Networks . . . . . . . . . . . . . . . 57 4.1.1 The d-graph and the d-STN . . . . . . . . . . . . . . . . . . . . . 62 4.1.2 The Decomposability of a Consistent STN . . . . . . . . . . . . . 62 4.1.3 Adding Constraints to an STN . . . . . . . . . . . . . . . . . . . . 64 4.1.4 Measures of Flexibility and Rigidity for an STN . . . . . . . . . . 65 4.1.5 Dealing with Rigid Components in an STN . . . . . . . . . . . . . 66 4.2 Some Useful Extensions to the Theory of STNs . . . . . . . . . . . . . . . 68

5 The Temporal Decoupling Problem 79 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.2 The Temporal Decoupling Problem (Case n = 2) . . . . . . . . . . . . . . 81 5.2.1 Formal Definition of the TDP . . . . . . . . . . . . . . . . . . . . 82 5.2.2 Necessary and Sufficient Characterizations of TDP Solutions . . . . 85 5.2.3 Toward a TDP Algorithm . . . . . . . . . . . . . . . . . . . . . . . 89 5.2.4 Algorithms for Solving the TDP . . . . . . . . . . . . . . . . . . . 92 5.2.5 Experimental Evaluation . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.6 Minimal Temporal Decouplings . . . . . . . . . . . . . . . . . . . 104 5.2.7 The Optimal Temporal Decoupling Problem . . . . . . . . . . . . . 113 5.3 The Allocative Temporal Decoupling Problem . . . . . . . . . . . . . . . . 114 5.3.1 A Sample Instance of the Allocative TDP . . . . . . . . . . . . . . 115 5.3.2 Definition of the Allocative TDP . . . . . . . . . . . . . . . . . . . 116 5.3.3 An Algorithm for Finding Approximate Solutions to the Allocative TDP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 5.3.4 The APC-Generation Problem . . . . . . . . . . . . . . . . . . . . 122 5.4 The General Temporal Decoupling Problem . . . . . . . . . . . . . . . . . 126 5.4.1 Formal Definition of the General TDP . . . . . . . . . . . . . . . . 126 5.4.2 Necessary and Sufficient Characterizations of Solutions to the General TDP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 5.4.3 Toward a General TDP Algorithm . . . . . . . . . . . . . . . . . . 128 5.4.4 Algorithms for Solving the General TDP . . . . . . . . . . . . . . 128 5.4.5 An Application of the General TDP Algorithm to the

Post-Auction-Coordination Problem . . . . . . . . . . . . . . . . . 130 5.5 The Relative Temporal Decoupling Problem . . . . . . . . . . . . . . . . 131 5.5.1 Formal Definition of the Relative TDP . . . . . . . . . . . . . . . . 133 5.5.2 Necessary and Sufficient Characterizations of Solutions to the Relative TDP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 5.5.3 Toward a Relative TDP Algorithm . . . . . . . . . . . . . . . . . . 136 5.5.4 Algorithms for Solving the Relative TDP . . . . . . . . . . . . . . 138 5.5.5 Lambda Bounds . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 5.5.6 The Temporal-Constraint-Generation Problem . . . . . . . . . . . 147 5.5.7 The Post-Auction Coordination Problem . . . . . . . . . . . . . . 153 5.6 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 5.6.1 Separation Vertices . . . . . . . . . . . . . . . . . . . . . . . . . . 156 5.6.2 Simple Temporal Networks with Uncertainty . . . . . . . . . . . . 156 5.6.3 Other Types of Temporal Networks . . . . . . . . . . . . . . . . . 161

6 Conclusion 162 6.1 The Coordinated Cultivation of Group-Related Intentions . . . . . . . . . . 162 6.2 The Initial Commitment Decision Problem . . . . . . . . . . . . . . . . . . 163 6.3 Temporal Reasoning for Collaborative Group Activities . . . . . . . . . . . 163

A Proofs of Theorems for the Proposal-based Group Decision-Making Mechanism 165

References 171

List of Figures

1.1 A sample recipe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.2 Intention cultivation in the context of single-agent activity . . . . . . . . . 4 1.3 The CCGI model of the coordinated cultivation of group-related intentions in collaborative, multi-agent activity . . . . . . . . . . . . . . . . . . . . . 6

2.1 The semantics of DDLTLB . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2 The semantics of [A]ϕ in DDLTLB . . . . . . . . . . . . . . . . . . . . . . 15 2.3 The semantics of DONE in DDLTLB . . . . . . . . . . . . . . . . . . . . 15 2.4 The semantics of P in DDLTLB . . . . . . . . . . . . . . . . . . . . . . . 16 2.5 Authorization conditions for a declaration . . . . . . . . . . . . . . . . . . 18 2.6 An authorized declaration . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 A combinatorial auction . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.2 The awardable bid-sets for the auction in Figure 3.1. . . . . . . . . . . . . 38 3.3 A sample recipe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.4 Act-type and recipe with roles . . . . . . . . . . . . . . . . . . . . . . . . 41 3.5 A sample bid pertaining to the recipe from Figure 3.4 . . . . . . . . . . . . 42 3.6 Varying the number of roles (NR) . . . . . . . . . . . . . . . . . . . . . . 45 3.7 Varying the number of bids and the density of bid constraints . . . . . . . . 46 3.8 Plots from Experiment 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.1 The relationships among S, G, S_d and G_d . . . . . . . . . . . . . . . . . . . 63 4.2 An STN with rigid components . . . . . . . . . . . . . . . . . . . . . . . . 67 4.3 The STN from Figure 4.2 after collapsing its rigid components . . . . . . . 67 4.4 The STN from Figure 4.2 with its decoupled rigid components . . . . . . . 73 4.5 An STN with four decoupled rigid components . . . . . . . . . . . . . . . 75 4.6 A sample path P^{′′} from the proof of Theorem 4.53 . . . . . . . . . . . . . 76 4.7 Modifying the constraint set C^′ in the proof of Theorem 4.53 . . . . . . . . 77

5.1 A Sample z-Partition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 5.2 Illustration of Properties 1_X and 1_Y from Theorem 5.10 . . . . . . . . . . . 86 5.3 Illustration of Property 2_{XY} from Theorem 5.10 . . . . . . . . . . . . . . . 86 5.4 Illustration of Property 2_{Y X} from Theorem 5.10 . . . . . . . . . . . . . . . 87 5.5 An xy-edge that is not dominated by a path through zero . . . . . . . . . . 90 5.6 An xy-edge that is dominated by a path through zero . . . . . . . . . . . . 91 5.7 Reducing the zero-path shortfall for an xy-edge . . . . . . . . . . . . . . . 92

5.8 Pseudo-code for the basic TDP algorithm . . . . . . . . . . . . . . . . . . 93 5.9 The regions Ω and Θ from Lemma 5.21 . . . . . . . . . . . . . . . . . . . 97 5.10 Variations of the TDP Algorithm Tested . . . . . . . . . . . . . . . . . . . 101 5.11 Comparing different strategies for choosing R and α in Step 3 of the TDP algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 5.12 Comparing different strategies for the Step 2 choice function for the TDP algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 5.13 An STN for which the TDP algorithm might generate a non-minimal decoupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 5.14 The STN from Figure 5.13 after eliminating the zero-path shortfall for one of the xy-edges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 5.15 The STN from Figure 5.13 after eliminating the zero-path shortfall for both of the xy-edges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 5.16 A minimal decoupling of the STN from Figure 5.13 . . . . . . . . . . . . . 106 5.17 Alternative minimal decouplings of the STN from Figure 5.13 . . . . . . . 106 5.18 The Iterative Weakening algorithm for constructing a minimal temporal decoupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.19 A sample STN with an initial allocation of time-points to T_X and T_Y . . . . 115 5.20 A partial decoupling of the STN from Figure 5.19 . . . . . . . . . . . . . . 116 5.21 Allocating t_u to T_X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.22 A decoupling in which t_u ∈ T_X . . . . . . . . . . . . . . . . . . . . . . . . 117 5.23 Allocating t_u to T_Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.24 A decoupling in which t_u ∈ T_Y . . . . . . . . . . . . . . . . . . . . . . . . 118 5.25 An algorithm for finding approximate solutions to the Allocative TDP . . . 121 5.26 An oracle function for an application of the Allocative TDP algorithm to the APC-Generation Problem . . . . . . . . . . . . . . . . . . . . . . . . . 123 5.27 Sample scenario for the APC-Generation Problem . . . . . . . . . . . . . . 125 5.28 A Sample z-Partition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 5.29 Pseudo-code for the basic TDP algorithm (general case) . . . . . . . . . . . 129 5.30 An STN representing dependent dish washing and drying activities . . . . . 131 5.31 A sample relative temporal decoupling . . . . . . . . . . . . . . . . . . . . 132 5.32 A sample relative z-partition . . . . . . . . . . . . . . . . . . . . . . . . . 134 5.33 A sample mixed path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 5.34 An algorithm for the Relative TDP based on the General TDP algorithm . . 140 5.35 An illustration of the use of lambda bounds . . . . . . . . . . . . . . . . . 141 5.36 The pre-bidding situation for the TCG problem . . . . . . . . . . . . . . . 148 5.37 Highlighting the time-points associated with tasks the agent wants to bid on 149 5.38 The set C_{XW} of temporal constraints for the TCG problem . . . . . . . . . 149 5.39 An algorithm for solving the TCG problem . . . . . . . . . . . . . . . . . 152 5.40 An STN representing dependent dish washing and drying activities . . . . . 153 5.41 A hierarchical decoupling for a sequence of tasks . . . . . . . . . . . . . . 154 5.42 Sample Hierarchy of Partially Decoupled Subnetworks . . . . . . . . . . . 155 5.43 Relationships among network controllability properties . . . . . . . . . . . 159 5.44 A weakly controllable STNU as a temporally decoupled STN. . . . . . . . 160

Acknowledgments

I would like to thank my advisor, Barbara J. Grosz, for her dedication to research and quality; for her hard work on my behalf; for her willingness to be available day in and day out; for introducing me to so many valuable lines of research; for encouraging me to stand up and fight for my fifty-year-old desk; and for teaching me the meaning of the word comprise. This thesis would not have been possible without her invaluable guidance.

I would like to thank Wheeler Ruml for being the best office-mate anyone could possibly hope for.

I would like to thank David Parkes for encouraging me to find the family of Temporal Decoupling Problems hiding behind the different algorithms I was trying to write; and Avi Pfeffer for many valuable comments and suggestions.

I would like to thank my brothers and sisters—Don, Elizabeth, Gretchen, Mark, Carol and Heidi—for their encouragement and support, especially during crunch time.

I would like to thank my mother for bringing me into this world and for praying for me down the stretch.

I would like to thank Paul and Kathy Szabo for their love and support over the years.

I would like to thank Mookie for not complaining too much even though he spent so many dog-years under my desk, waiting for me to finish working.

I would like to thank the Red Sox for staying in first place throughout my home stretch.

And, finally, most of all, I would like to thank Julie for her years of love and support, even through the really dark times.

Portions of Chapter 2 were described in the paper, A Mechanism for Group Decision Making in Collaborative Activity (Hunsberger and Zancanaro, 2000). Portions of Chapter 3 were described in the paper, A Combinatorial Auction for Collaborative Planning (Hunsberger and Grosz, 2000). Portions of Chapters 4 and 5 were described in the papers, Generating Bids for Group-related Actions in the Context of Prior Commitments (Hunsberger, 2002b) and Algorithms for a Temporal Decoupling Problem in Multi-Agent Planning (Hunsberger, 2002a).

This research was supported in part by NSF grants IIS-9978343, IRI-9618848, IRI- 9525915 and CDA-9401024.