List of Figur es

Figure 2.1 Grid structure of a CMOS inverter.9 Figure 2.2 Five-point finite-difference stencil.10 Figure 2.3 Sparsity structure for a five-point FD discretization.11 Figure 2.4 Sample finite-volume integration.13 Figure 2.5 A single element in the discretization. Shaded area represents the contribution of this element to node i.14 Figure 2.6 PDE-solver execution structure.15 Figure 2.7 Blocked element organization used in model evaluation and matrix formation.19 Figure 2.8 Pseudo-code for element assembly.19 Figure 2.9 Data non-locality in model evaluation. In this case, triangle E’s assembly is relies on property p of neighboring triangles.20 Figure 2.10 Data non-locality caused by boundary conditions.21 Figure 2.11 Data flow between major components in a PDE solver. The process shown is repeated until convergence is achieved in the nonlinear solver.23 Figure 2.12 16-way coarse-grain grid decomposition of a CMOS inverter.25 Figure 2.13 Pseudo-code for distributed element assembly.26 Figure 2.14 Decomposed PDE-program organization.27 Figure 2.15 Pseudo-code for distributed element assembly.28 Figure 2.16 Abstract sketch of a distributed-memory parallel computer. 32 Figure 2.17 Abstract sketch of an SMP parallel computer.35 Figure 3.1 PISCES program structure.38 Figure 3.2 CMOS inverter DC characteristic.39 Figure 3.3 Data transfer using TCP/IP between UI and serial solver.44

Figure 3.4 PISCES decomposition: UI/SA program structure.45 Figure 3.5 Example of level-set dissection.48 Figure 3.6 Electrode attached to 5 grid nodes.48 Figure 3.7 Initial RSB partitioning: the electrode has not been distributed among all processors that require its data.49 Figure 3.8 Corrected partitioning: the electrode has been distributed to both processors.49 Figure 3.9 Pseudo-code for partition creation.50 Figure 3.10 Two-step data transfer using TCP/IP between UI and serial solver and NX within the parallel computer.51 Figure 3.11 Global structure of a parallel simulator. The fine-grain choreographer controls execution and performs all communication and synchronization.52 Figure 3.12 Two-phase vector globalization using master-slave assignments.53 Figure 3.13 Non-locality in nonlinear projections.54 Figure 3.14 A simple n-channel MOS structure.56 Figure 3.15 Creation of 4 partitions: The first separator (level 1) creates two partitions. The second set of separators (level 2) doubles the number of partitions by bisecting the previous partitions. 57 Figure 3.16 Direct linear solver data dependencies for a 4-processor partitioning. Information flows in a “bottom-up” fashion.58 Figure 3.17 The share_list and share_count arrays provide a profile of shared node interactions.60 Figure 3.18 iPSC/860 and RS6000/590 solution times for PN diode.63 Figure 3.19 SP1 and RS6000/590 solution times for PN diode.64 Figure 3.20 SP2 and RS6000/590 solution times for PN diode.64 Figure 3.21 iPSC/860 and RS6000/590 solution times for bipolar transistor.66 Figure 3.22 SP1 and RS6000/590 solution times for bipolar transistor.67 Figure 3.23 SP2 and RS6000/590 solution times for bipolar transistor.67 Figure 3.24 Intel iPSC/860 solution times for three CMOS inverter mesh sizes.70

Figure 3.25 SP1 solution times for four CMOS inverter mesh sizes.71 Figure 3.26 SP2 solution times for four CMOS inverter mesh sizes.71 Figure 3.27 Solution time versus mesh size for CMOS inverter.72 Figure 3.28 SP1 and SP2 runtimes for 5,600 grid-point photo-emitter.74 Figure 3.29 SP1 and SP2 runtimes for 56,000 grid-point photo-emitter. 74 Figure 3.30 SP1 and SP2 runtimes for 112,000 grid-point photo-emitter. 75 Figure 3.31 SP2 runtimes for 512,000 grid-point photo-emitter.75 Figure 3.32 FIESTA-HD solution times for increasing grid sizes. (32- processor iPSC/860, RS6000/530H, and 8-processor SP1.) 79 Figure 3.33 FIESTA-HD iPSC/860 and SP1 solution times for n-channel MOSFET.79 Figure 4.1 Basic Gaussian elimination algorithm.82 Figure 4.2 Column_index[i] points to the beginning of column i’s row indices stored in row_list.82 Figure 4.3 Example of the effect of reordering on sparse matrices.83 Figure 4.4 Standard MMD ordering and elimination tree representations.85 Figure 4.5 Equations 0 and 1 may be grouped into a supernode.85 Figure 4.6 Reordering and elimination tree creation using the MMD algorithm.86 Figure 4.7a Adjacency structure (left) and elimination tree (right) during the first iteration of the MMD algorithm.89 Figure 4.7b Second iteration of the MMD algorithm.89 Figure 4.7c Third iteration of the MMD algorithm.89 Figure 4.7d Fourth iteration of the MMD algorithm.90 Figure 4.7e Fifth iteration of the MMD algorithm.90 Figure 4.7f Final iteration of the MMD algorithm.90 Figure 4.8 Depth-first traversal of the elimination tree used by the symbolic phase.91 Figure 4.9 Storage layout for the factored matrix.92

Figure 4.10 Scattering the element (or volume) data structure to the matrix.93 Figure 4.11 Assembly of a front for a supernode with two children.94 Figure 4.12 Scattering of the factorized front matrix.94 Figure 4.13 Multi-frontal elimination algorithm.95 Figure 4.14 Column-oriented forward elimination.96 Figure 4.15 Row-oriented backward substitution.96 Figure 4.16 Stack-based memory-management scheme.97 Figure 4.17 Global elimination tree based on a 4-processor partitioning. 101 Figure 4.18 Reordering and elimination tree creation using the MMD algorithm.102 Figure 4.19 Two processor grid decomposition of a simple grid.103 Figure 4.20a Fifth iteration of the modified MMD algorithm.103 Figure 4.20b Sixth iteration of the modified MMD algorithm.104 Figure 4.20c Addition of shared supernode to the elimination tree.104 Figure 4.21 Shared supernode fill-in for a four-processor decomposition. 106 Figure 4.22 Two-processors scattering the distributed element (or volume) data structure to the distributed matrix.106 Figure 4.23 Parallel multi-frontal elimination algorithm.107 Figure 4.24 Four-processor distribution for the parallel dense factorization. Each column block contains of four equations. 107 Figure 4.25 Parallel column-block dense matrix elimination.108 Figure 4.26 Parallel column-oriented forward elimination.109 Figure 4.27 Parallel row-oriented backward substitution.109 Figure 4.28 Number of equations in the top-level separators for the 18k CMOS grid simulation.112 Figure 4.29 SP2 factorization times for the bipolar transistor simulation. 114 Figure 4.30 SP2 factorization times for the 2k inverter simulation.114 Figure 4.31 SP2 factorization times for the 8k inverter simulation.115

Figure 4.32 SP2 factorization times for the 11k inverter simulation.115 Figure 4.33 SP2 factorization times for the 18k inverter simulation.116 Figure 4.34 SP2 factorization times for the 6k photo-emitter simulation. 116 Figure 4.35 SP2 factorization times for the 56k photo-emitter simulation. 117 Figure 4.36 SP2 factorization times for the 112k photo-emitter simulation.117 Figure 4.37 SP2 factorization times for the 512k photo-emitter simulation.118 Figure 4.38 Individual and combined speedups for 18k inverter simulation.118 Figure 4.39 Individual and combined speedups for the 112k photo-emit-ter simulation.119 Figure 5.1 Four-subdomain hybrid decomposition.123 Figure 5.2 Flexible decomposition for four subdomains.124 Figure 5.3 High-level direct/iterative solution algorithm.126 Figure 5.4 Bottom-up supernode ordering creating by sorting according to depth in the elimination tree.127 Figure 5.5 Algorithm for determining direct and iterative supernodes. 128 Figure 5.6 Elimination tree partitioned for direct/iterative solution.128 Figure 5.7 Partial reordering and elimination tree creation for direct/ iterative solver.129 Figure 5.8 Result of performing partial elimination using the MMD algorithm.130 Figure 5.9 Composite elimination tree created for an adaptive direct/ iterative solution.131 Figure 5.10 Adaptive multi-frontal elimination algorithm.132 Figure 5.11 Partial forward elimination to reduce the residual.133 Figure 5.12 Partial backward substitution.134 Figure 5.13 Serial solution times for the PN-diode matrix.135 Figure 5.14 Serial memory usages for the PN-diode matrix.135

Figure 5.15 Parallel partial multi-frontal elimination algorithm.138 Figure 5.16 Partial parallel forward elimination.139 Figure 5.17 Partial parallel backward substitution.140 Figure 5.18 Two-processor solution times for the PN-diode matrix.142 Figure 5.19 Two-processor memory usages for the PN-diode matrix.143 Figure 5.20 Four-processor solution times for the PN-diode matrix.143 Figure 5.21 Four-processor memory usages for the PN-diode matrix.144 Figure 5.22 Eight-processor solution times for the PN-diode matrix.144 Figure 5.23 Eight-processor memory usages for the PN-diode matrix. 145 Figure 5.24 Sixteen-processor solution times for the PN-diode matrix. 145 Figure 5.25 Sixteen-processor memory usages for the PN-diode matrix. 146 Figure 5.26 Thirty-two-processor solution times for the PN-diode matrix.146 Figure 5.27 Thirty-two-processor memory usages for the PN-diode matrix.147 Figure 5.28 Direct vs. adaptive execution times for the PN-diode matrix. 147