
Preface • • vii

List o f Figures xv

Selected Notation xix

1 Introduction 1
1.1 M odelling.................................................................................... 2
1.2 Stability and Sim ulation............................................................ 9
1.3 Overview of T opics..................................................................... 13

2 M odelling with Stochastic Petri N ets 17
2.1 Building B locks........................................................................... 17
2.2 Illustrative Examples.................................................................. 24

2.2.1 Priorities: Producer-Consumer S y s te m s ...................  24
2.2.2 Marking-dependent T ransitions................................... 31
2.2.3 Synchronization: Flexible Manufacturing System . . 41
2.2.4 Resetting Clocks: Particle C o u n te r ............................  45
2.2.5 Compound Events: Slotted R i n g ................................ 47

2.3 Concise Specification of New-Marking Probabilities............. 49
2.3.1 Transition Firings That Never O ccur.........................  50
2.3.2 Numerical P rio ritie s ...................................................... 51

2.4 Alternative Building B locks.....................................................  64



3 T he M arking Process 69
3.1 Definition of the Marking Process.......................................... 70

3.1.1 General State-Space Markov C h a in s ........................ 70
3.1.2 Definition of the Continuous-Time Process ............  72
3.1.3 Generation of Sample P a th s .......................................  75

3.2 Performance M easures............................................................  77
3.2.1 Simple Time-Average Limits and R a tio s ..................  77
3.2.2 Conversion of Limit Results to Continuous Time . . 78
3.2.3 Rewards and T hroughpu t.......................................... 81
3.2.4 General Functions of Time-Average L im i t s ............  86

3.3 The Lifetime of the Marking P rocess.................................... 87
3.3.1 Absorption into the Set of Immediate Markings . . .  87
3.3.2 Explosions.....................................................................  90
3.3.3 Sufficient Conditions for Infinite Lifetimes...............  91

3.4 Markovian Marking Processes................................................  92
3.4.1 Continuous-Time Markov C hains.............................. 93
3.4.2 Conditional Distribution of Clock R eadings............  95
3.4.3 The Markov P ro p e r ty ................................................... 102

4 M odelling Power 111
4.1 Generalized Semi-Markov Processes ....................................... 113
4.2 Mimicry and Strong M im icry ................................................... 116

4.2.1 Definitions ......................................................................116
4.2.2 Sufficient Conditions for Strong Mimicry......................120

4.3 Mimicry Theorems for Marking Processes...............................127
4.3.1 Finite-State P rocesses................................................... 128
4.3.2 Countable-State Processes............................................. 132

4.4 Converse R esu lts .........................................................................136

5 R ecurrence 145
5.1 Drift C rite r ia ...............................................................................146

5.1.1 Harris Recurrence and D rift...........................................146
5.1.2 The Positive Density Condition.....................................150
5.1.3 Proof of Theorem 1 .22 ....................................................157

5.2 The Geometric Trials Technique ............................................. 164
5.2.1 A Geometric Trials C rite rio n ........................................165
5.2.2 GNBU D istributions.......................................................166
5.2.3 A Simple Recurrence Argument.....................................172
5.2.4 Recurrence T h eo rem s....................................................174
5.2.5 Some Ad-Hoc Recurrence Arguments .........................182

6 R egenerative Sim ulation 189
6.1 Regenerative Processes................................................................ 190

6.1.1 Definition of a Regenerative P ro cess ............................190
6.1.2 Stability of Regenerative Processes...............................193



6.1.3 Processes with Dependent C ycles..................................197
6.2 Regeneration and Stochastic Petri Nets ................................. 202

6.2.1 General Conditions for Regenerative Structure . . . 203
6.2.2 SPNs with Positive Clock-Setting D ensities............... 208
6.2.3 SPNs Satisfying Geometric Trials C rite ria .................. 217
6.2.4 The Regenerative Variance C onstan t........................... 228

6.3 The Regenerative M eth o d .......................................................... 230
6.3.1 The Standard M eth o d ....................................................231
6.3.2 Bias of the Point E s tim a to r...........................................238
6.3.3 Simulation Until a Fixed T i m e .....................................240
6.3.4 Estimation to Within a Specified P re c is io n ............... 242
6.3.5 Functions of Cycle M e a n s ..............................................245
6.3.6 Gradient E stim ation ....................................................... 250
6.3.7 A Characterization of the Regenerative Method . . . 262
6.3.8 Extension to Dependent C ycles.....................................265

7 A lternative  Sim ulation M ethods 275
7.1 Limitations of the Regenerative M e th o d ................................. 276
7.2 Standardized Time S e r ie s .......................................................... 282

7.2.1 Limit Theorems ............................................................. 282
7.2.2 STS M ethods................................................................... 288
7.2.3 Functions of Time-Average L im i t s .............................. 293
7.2.4 Extensions ...................................................................... 297

7.3 Consistent Estimation M ethods.................................................298
7.3.1 Aperiodicity and Harris Ergodicity.............................. 300
7.3.2 Consistent Estimation in Discrete T im e ..................... 302
7.3.3 Applications to Batch-Means and Spectral Methods 305
7.3.4 Functions of Time-Average L im i t s .............................. 309
7.3.5 Consistent Estimation in Continuous T i m e ............... 311

8 Delays 321
8.1 Specification and Measurement of Delays .............................. 323

8.1.1 T agging ............................................................................ 324
8.1.2 Start V ecto rs ................................................................... 326
8.1.3 Examples of Delay Specifications................................. 328

8.2 Regenerative Methods for D e lay s ..............................................340
8.2.1 Construction of Random In d ic e s ................................. 341
8.2.2 The Extended Regenerative Method for Delays . . . 352
8.2.3 The Multiple-Runs M e th o d ...........................................354
8.2.4 Limiting Average Delays.................................................360

8.3 STS Methods for D elays............................................................. 365
8.3.1 Stable Sequences of Delays ...........................................366
8.3.2 Estimation Methods for D e lay s .....................................373
8.3.3 E xam ples......................................................................... 377



9 Colored Stochastic P e tr i  N e ts  385
9.1 The CSPN M odel............................................................................387

9.1.1 Building Blocks.................................................................. 387
9.1.2 Modelling with C SPN s..................................................... 390
9.1.3 The Marking Process ..................................................... 397

9.2 Stability and Sim ulation...............................................................402
9.2.1 R ecurrence ........................................................................ 402
9.2.2 CSPNs and R eg en era tio n ............................................... 406
9.2.3 CSPNs and STS Estimation M e th o d s ..........................409
9.2.4 Consistent Estimation M ethods......................................412
9.2.5 D elays................................................................................. 418

9.3 Symmetric C S P N s ........................................................................ 423
9.3.1 The Symmetry Conditions............................................... 423
9.3.2 Exploiting Symmetry: Shorter Cycle Lengths . . . .  425
9.3.3 Exploiting Symmetry: Increased Efficiency................... 431

A Selected Background 447
A.l Probability, Random Variables, Expectation.............................447

A. 1.1 Probability S p a c e s .......................................................... 447
A. 1.2 General Measures..............................................................449
A. 1.3 Random V a riab le s .......................................................... 450
A. 1.4 Expectation....................................................................... 452
A. 1.5 Moment Results for Random S u m s.............................. 457
A. 1.6 General In teg ra ls ..............................................................458
A. 1.7 Conditional Expectation and Probability .................. 460
A. 1.8 Stochastic C onvergence.................................................462

A.2 Limit Theorems for Stochastic Processes...................................467
A.2.1 Definitions and Existence Theorem ...............................467
A.2.2 I.I.D., O.I.D., and Stationary Sequences..................... 470
A.2.3 Renewal P ro cesses .......................................................... 472
A.2.4 Discrete-Time Markov C hains........................................474
A.2.5 Brownian Motion and F C L T s........................................476

A.3 Terminology Used in the T e x t ..................................................... 480

References 483

Index 499


