A Graph Partitioning Algorithm for the Berth Allocation Problem

David Ong Tat-Wee B.Sc. (Computer & Information Sciences) (Honours)

A THESIS SUBMITTED FOR THE DEGREE OF MASTER OF SCIENCE DEPARTMENT OF COMPUTER SCIENCE SCHOOL OF COMPUTING NATIONAL UNIVERSITY OF SINGAPORE 2000

Acknowledgements

Eternal thanks to my God for meeting all my needs according to His glorious riches in Christ Jesus (Phil 4:19).

I wish to specially thank my mentor Assoc. Prof. Leong Hon Wai whose assiduous pedagogy all these years has certainly edified my mind for the challenges in this new millennium. I also thank Asst. Prof. Ang Chuan Heng for being in my M.Sc. advisory committee. His erudite counsel has been invaluable.

To my peers: Hee Meng for sharing his knowledge and references — the bibliography would not be complete otherwise; Chee Wai for supplying the Latex template for this thesis; Swee Seong for his water heater; Shen Tat and Seet Chong for MAME; and Aik Hui, Wee Yeh, et. al. for the fun times in the former DISCS. Salut des RAS Garage members, and to Steven, Somnath and Daniel for their support and encouragement.

Contents

Acknowledgements i

Table of Contents iii

List of Figures iv

List of Tables v

Summary vi

1 Introduction 1 1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Thesis Organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 The Berth Allocation Problem 9 2.1 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.2 Formal Problem Definition . . . . . . . . . . . . . . . . . . . . . . . 13 2.3 Literature Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.3.1 BAP Literature . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.3.2 Graph Partitioning Survey . . . . . . . . . . . . . . . . . . . 21

3 Solving the Partitioning Problem 27 3.1 A Generalised Graph Partitioning Model for the BAP Partitioning . 27 3.1.1 Introducing Time Zones . . . . . . . . . . . . . . . . . . . . 31 3.2 Algorithm for Solving BAP-Part . . . . . . . . . . . . . . . . . . . . 36 3.2.1 Gain Computation . . . . . . . . . . . . . . . . . . . . . . . 37 3.2.2 Gain Update . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.2.3 Data Structures . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.2.4 Maintaining Part Size . . . . . . . . . . . . . . . . . . . . . 46 3.3 Extending the BAP-Part Model . . . . . . . . . . . . . . . . . . . . 48 3.3.1 Modelling Import and Export . . . . . . . . . . . . . . . . . 49

CONTENTS iii

3.3.2 Penalty Function . . . . . . . . . . . . . . . . . . . . . . . . 49 3.4 The Complete Solution Framework . . . . . . . . . . . . . . . . . . 51 3.4.1 Pre-Processor Initial Solution Generators . . . . . . . . . . . 53 3.4.2 Post-Processor Heuristic . . . . . . . . . . . . . . . . . . . . 55

4 System Implementation 59 4.1 System Architecture of BAPS . . . . . . . . . . . . . . . . . . . . . 59 4.2 Data Generation Subsystem . . . . . . . . . . . . . . . . . . . . . . 60 4.3 BAP Solver Subsystem . . . . . . . . . . . . . . . . . . . . . . . . . 61 4.4 Results Analysis Subsystem . . . . . . . . . . . . . . . . . . . . . . 63 4.5 Experimental Framework . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Experimentation and Results 65 5.1 Experimental Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 5.2 Quality of the Initial Solution Generators . . . . . . . . . . . . . . . 70 5.3 Comparison of BAP-GP with other BAP-Part Algorithms . . . . . 73 5.3.1 Comparing BAP-GP with BAP-GA-I and BAP-GA . . . . . 74 5.3.2 Comparing BAP-GP with BAP-BB . . . . . . . . . . . . . . 84 5.4 Post-Processor Heuristic Result . . . . . . . . . . . . . . . . . . . . 85 5.5 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6 Conclusion 89 6.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 6.2 Lessons Learnt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 6.3 Future Enhancements . . . . . . . . . . . . . . . . . . . . . . . . . . 92 6.3.1 Short Term Extensions . . . . . . . . . . . . . . . . . . . . . 92 6.3.2 Long Term Extensions . . . . . . . . . . . . . . . . . . . . . 93

A Detailed Experimental Results 94

Bibliography 106

List of Figures

1.1 BAP as a Two-Stage Problem . . . . . . . . . . . . . . . . . . . . . 5

2.1 Elements of a Typical Port . . . . . . . . . . . . . . . . . . . . . . . 10 2.2 2-Dimensional Bin Model . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Computing Part Size . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.2 Dividing into 10 Time Zones . . . . . . . . . . . . . . . . . . . . . . 32 3.3 Minimal Set of Time Zones . . . . . . . . . . . . . . . . . . . . . . . 33 3.4 Gain Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.5 Gain Update on Neighbouring Vessel . . . . . . . . . . . . . . . . . 42 3.6 FM Bucket Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.7 BAP-GP Bucket Structure . . . . . . . . . . . . . . . . . . . . . . . 45 3.8 Example on Maintaining Part Size . . . . . . . . . . . . . . . . . . 48 3.9 Resolving an Infeasible Solution . . . . . . . . . . . . . . . . . . . . 50 3.10 Complete BAP-Part Solution Framework . . . . . . . . . . . . . . . 52 3.11 Infeasible Solution from Data Set d200 . . . . . . . . . . . . . . . . 56

4.1 BAPS Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 4.2 BAP Solver Framework . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.1 Schematic View of ABD . . . . . . . . . . . . . . . . . . . . . . . . 67 5.2 Pictorial View of Results . . . . . . . . . . . . . . . . . . . . . . . . 83 5.3 Partial Solution for d200 by BAP-BB . . . . . . . . . . . . . . . . . 87

List of Tables

2.1 Summary of VLSI Partitioning Algorithms . . . . . . . . . . . . . . 25

3.1 Differences between BAP-Part and Graph Partitioning . . . . . . . 31

5.1 Section Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 5.2 Data Set Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 5.3 Summary of Initial Solution Generator Results . . . . . . . . . . . . 71 5.4 1st Comparison of BAP-GP, BAP-GA-I and BAP-GA (a) . . . . . 76 5.5 1st Comparison of BAP-GP, BAP-GA-I and BAP-GA (b) . . . . . 77 5.6 2nd Comparison of BAP-GP, BAP-GA-I and BAP-GA (a) . . . . . 81 5.7 2nd Comparison of BAP-GP, BAP-GA-I and BAP-GA (b) . . . . . 82 5.8 Comparison of BAP-GP and BAP-BB . . . . . . . . . . . . . . . . 84 5.9 Summary of Post-Processor Heuristic Results . . . . . . . . . . . . 85

A.1 BAP-GP Objective Values from Expt 1 Runs (a) . . . . . . . . . . 95 A.2 BAP-GP Objective Values from Expt 1 Runs (b) . . . . . . . . . . 96 A.3 Best BAP-GP Solutions from Expt 1 Runs (a) . . . . . . . . . . . . 97 A.4 Best BAP-GP Solutions from Expt 1 Runs (b) . . . . . . . . . . . . 98 A.5 Best BAP-GP Solutions from Expt 2 Runs (a) . . . . . . . . . . . . 99 A.6 Best BAP-GP Solutions from Expt 2 Runs (b) . . . . . . . . . . . . 100 A.7 Best BAP-GP Solutions from Expt 1 & Expt 2 Runs (a) . . . . . . 101 A.8 Best BAP-GP Solutions from Expt 1 & Expt 2 Runs (b) . . . . . . 102 A.9 Time Taken per Data Set (a) . . . . . . . . . . . . . . . . . . . . . 103 A.10 Time Taken per Data Set (b) . . . . . . . . . . . . . . . . . . . . . 104 A.11 Best BAP-GP Solutions on BAP-BB Data Sets . . . . . . . . . . . 105

Summary

In this thesis, we studied the berth allocation problem (BAP) in a container transshipment port. We formulated the BAP as a generalisation of the multi-way graph partitioning problem and developed a graph partitioning algorithm to solve it. Our BAP-GP algorithm iteratively improves on an initial solution until it reaches a local optimal. We studied different methods of generating initial solutions and found that those which focused on transshipment volumes produced better solutions. We also looked into a subproblem dealing with the feasibility of assigning vessels in a busy time zone. This was modelled as an instance of the multiple knapsack problem and a simple pairwise exchange heuristic was developed to deal with it. We put our algorithms into a BAP partitioning framework which forms part of a larger BAP planning system (BAPS). The BAPS allows the user to generate BAP data sets, perform experimental runs on them and analyse the results obtained. Experimental results show that our BAP partitioning algorithm has a very fast running time and performs promisingly compared with the other algorithms in the BAPS.