Contents

Abstract v

Acknowledgments vii

Chapter 1

Introduction 1 1.1 PDE Approximations and the Computational Bottlenecks .............................1 1.2 The Suitability of Parallel Computers for PDE-Based Simulations................3 1.3 Parallel Computing for Semiconductor Device Characterization ...................4 1.4 Organization ....................................................................................................4

Chapter 2

Software and Hardware Models 7 2.1 PDEs and Approximate Solutions ...................................................................7 2.1.1 Discretization Methods.......................................................................10 2.2 Computer Software for the Solution of PDEs ...............................................14 2.2.1 User Interface......................................................................................16 2.2.2 Nonlinear and Linear Solutions ..........................................................16 2.2.3 PDE Approximation (Matrix Formation and Assembly)....................18 2.2.4 Data Flow between Major Computational Modules...........................21 2.3 Coarse-Grain Decomposition for PDE Solution ...........................................24 2.3.1 Data Decomposition ...........................................................................25 2.3.2 Program Decomposition .....................................................................25 2.3.3 Applicability to Existing Codes..........................................................29 2.3.4 Suitable Programming Model.............................................................29 2.4 High-Performance Parallel Architectures......................................................31 2.4.1 Message-Passing Parallel Computers .................................................31 2.4.2 Shared-Memory Parallel Computers ..................................................34

Chapter 3

Coarse-Grain Parallelization of Semiconductor Applications 37 3.1 Device Characterization: The PISCES Simulator .........................................37 3.2 PISCES Parallelization..................................................................................40 3.2.1 Previous Parallelization Efforts ..........................................................41 3.2.2 Applying the Coarse-Grain Parallel Model ........................................42 3.2.2.1 Global Control: Separating Serial Code from Parallel Code43 3.2.2.2 Adding Domain Decomposition45 3.2.2.3 Parallel Data Distribution and Control50 3.2.2.4 Parallel Communication Management53 3.2.2.5 Nonlinear Solver and Initial Guess54 3.2.2.6 Matrix Assembly and Physical Models55 3.2.2.7 Linear Solution Decomposition56 3.2.2.8 Retrospective: Parallel Data Requirements59 3.2.3 Porting Examples: CM-5 and SP1/2...................................................60 3.3 PISCES-MP Results ......................................................................................61 3.3.1 PN Diode ............................................................................................62 3.3.2 Bipolar Transistor ...............................................................................65 3.3.3 CMOS Inverter ...................................................................................68 3.3.4 Photo-Emitter......................................................................................73 3.4 Framework Generality: FIESTA-HD ............................................................76 3.4.1 FIESTA-HD Description ....................................................................77 3.4.2 FIESTA Parallelization .......................................................................77 3.4.3 FIESTA-HD Results ...........................................................................78 3.5 Summary........................................................................................................80

Chapter 4

Application-Oriented Gaussian Elimination in PISCES-MP 81 4.1 Gaussian Elimination and Sparse Matrices ...................................................81 4.2 Serial Multi-Frontal Factorization.................................................................83 4.2.1 Minimum Degree Reordering and Elimination Tree Creation ...........84

4.2.2 Symbolic Factorization.......................................................................91 4.2.3 Matrix Assembly.................................................................................92 4.2.4 Numeric Factorization ........................................................................93 4.2.5 Triangular Solve .................................................................................95 4.2.6 Memory Management.........................................................................96 4.2.7 Serial Results ......................................................................................97 4.3 Application-Oriented Parallel Factorization..................................................98 4.3.1 Two-Phase Equation Ordering with MMD.......................................101 4.3.2 Distributed Symbolics ......................................................................105 4.3.3 Matrix Assembly...............................................................................106 4.3.4 Numeric Factorization ......................................................................107 4.3.5 Triangular Solve ...............................................................................109 4.3.6 Parallel Results .................................................................................110 4.4 Summary......................................................................................................119

Chapter 5

An Adaptive Linear Solution Method for PISCES-MP 121 5.1 Solution Strategy .........................................................................................121 5.2 Serial Algorithm ..........................................................................................125 5.2.1 Symbolic Factorization.....................................................................126 5.2.2 Partial Factorization..........................................................................132 5.2.3 Reducing the Residual ......................................................................132 5.2.4 The Iterative Step..............................................................................133 5.2.5 Recovering the Direct Solution ........................................................133 5.2.6 Serial Results ....................................................................................134 5.3 Parallel Algorithm .......................................................................................136 5.3.1 Symbolic Factorization.....................................................................137 5.3.2 Partial Factorization..........................................................................138 5.3.3 Reducing the Residual ......................................................................138 5.3.4 The Iterative Step..............................................................................139 5.3.5 Recovering the Direct Solution ........................................................139 5.3.6 Parallel Results .................................................................................140 5.4 Summary......................................................................................................148

Chapter 6

Summary and Future Work 149 6.1 Summary......................................................................................................149 6.2 Future Work .................................................................................................151 Bibliography 153 Appendix A

PISCES-MP Simulation Results 159 Appendix B

PISCES-MP Direct Solver Results 165 Appendix C

PISCES-MP Adaptive Linear Solver Results 175