Preface

List of Figures

Selected Notation

Introduction

1.1 MOAEHING o,
1.2 Stability and Simulation..........ccoooeiiiii i,

1.3 OVerview Of TOPICS ..o

Modelling withStochastic Petri Nets

2.1 Building BIOCKS.....cociiiiiiiie e

2.2 Mlustrative EXamples.....ccooiiiiii e
2.2.1 Priorities: Producer-Consumer SystemsS........cccouue..
2.2.2 Marking-dependent TransSitionS......cccoceveveveiiieeinnennn
2.2.3 Synchronization: Flexible Manufacturing System
2.2.4 Resetting Clocks: Particle Counter......cccccceeevineennee
2.25 Compound Events: Slotted RiNg ..cccccoevvviviieiiineenn,

2.3 Concise Specification of New-Marking Probabilities.............
2.3.1 Transition Firings That Never OCCUT.........ccveeeernnen.
2.3.2  Numerical PrioritiesS. ..o,

2.4 Alternative Building BIOCKS ...,

O N -

13



3 The Marking Process

3.1 Definition of the Marking Process.......cccccocvvveviieeiiieecciee e,
3.1.1 General State-Space Markov Chains..........ccceee....
3.1.2 Definition of the Continuous-Time Process ............
3.1.3 Generation of Sample Paths......c.ccccoviiiiiniiiiinnnnn,
3.2 Performance MEaSUIES......cccocuieeiiiee ettt
3.2.1 Simple Time-Average Limits and Ratios..................
3.2.2 Conversion of Limit Results to Continuous Time . .
3.2.3 Rewards and Throughput......ccccoovevieiiie i,
3.2.4 General Functions of Time-Average L im its............
3.3 The Lifetime of the Marking ProcessS......cccccovevivevieevinecnnnnn,
3.3.1 Absorption into the Set of Immediate Markings . . .
3.3.2  EXPIOSIONS.....oiiiiiiiiie et
3.3.3 Sufficient Conditions for Infinite Lifetimes...............
3.4 Markovian Marking ProCeSSES.....cccceviueevieeiiieeiie e,
3.4.1 Continuous-Time Markov Chains..........ceceeviveennnnn,
3.4.2 Conditional Distribution of Clock Readings............
343 The Markov Property ..,
Modelling Power
4.1 Generalized Semi-Markov Processes ........ccccvieeviveeciveeene
4.2 Mimicry and Strong MM ICIY ...ccocvvieiiiiiiie e
4.2.1 Definitions ...ccooooiiiice e
4.2.2 Sufficient Conditions for Strong Mimicry...................
4.3 Mimicry Theorems for Marking Processes.......cccevveevvnennne,
4.3.1 Finite-State ProCeSSeS . .ciiiiiiiiiii e
4.3.2 Countable-State ProCesses.....ccccccvvveviveiiiniieesineninens
4.4 ConVerse RESUIS ..o
Recurrence
5.1 DIt Criteria i
5.1.1 Harris Recurrence and Drift.......cccccooeviiiiiiiiciiennnn,
5.1.2 The Positive Density Condition........cccccevivveviveeinnennn
5.1.3 Proof of Theorem 1.22......cccooviiiiiiiicieeieeve e
52 The Geometric Trials TeChnique .....cccoooeeiiinviiniienee i,
521 A Geometric Trials Criterion......cccccevcvvvieniiniiennnn,
522 GNBU DistributionsS.......cccccoviviiniiieiiiee e
5.2.3 A Simple Recurrence Argument......c.ccccceevieevineenneenn
524 Recurrence TheOremM S .ccccieiiieiiie e e
5.25 Some Ad-Hoc Recurrence Arguments ...
Regenerative Simulation
6.1 Regenerative ProCESSES. ..o iiiiiie ettt
6.1.1 Definition of a Regenerative Process.......cccecvevvennne

6.1.2 Stability of Regenerative Processes.........cccccvvveevnnnnnn



6.1.3 Processes with Dependent Cycles........cccviiiiiiiinnnnnnn, 197

6.2 Regeneration and Stochastic Petri NetS .....c.ccccevvvevieeieeenne, 202
6.2.1 General Conditions for Regenerative Structure . . . 203
6.2.2 SPNs with Positive Clock-Setting Densities............... 208
6.2.3 SPNs Satisfying Geometric Trials Criteria................. 217
6.2.4 The Regenerative Variance Constant..........cccceeevenne 228

6.3 The Regenerative M ethod........cccooveeiii i, 230
6.3.1 The Standard M ethod.......cccccoeviiiiiiiiiiiie e, 231
6.3.2 Bias of the Point EStimator......cccccoevviviiniieiiicienen, 238
6.3.3 Simulation Until a Fixed Tim € ....cccccccovivniiiniininninnnn, 240
6.3.4 Estimation to Within a Specified Precision............... 242
6.3.5 Functions of Cycle M eans......cccccceeveiiiee e ciee e, 245
6.3.6 Gradient EStimation......cccccooiviiiniiniin i 250
6.3.7 A Characterization of the Regenerative Method . . . 262
6.3.8 Extension to Dependent Cycles.....cccovviiiiiiiiiiieinnne, 265

7 Alternative Simulation Methods 275

7.1 Limitations of the Regenerative M ethod.........ccccovevvviiincnnen, 276

7.2 Standardized TIMeE SerIeS ., 282
7.21  Limit TheOremsS ..o 282
7.2.2 STS Methods. ..o 288
7.2.3 Functions of Time-Average L im itS.....cccoocvviiniiiennnnnn. 293
7.2.4  EXIENSIONS  ooiiiiiiiiiiiie ettt 297

7.3 Consistent Estimation M ethods........cccoovvvieiieciic i, 298
7.3.1 Aperiodicity and Harris ErgodicCity........ccccccovviinnnnnne, 300
7.3.2 Consistent Estimation in Discrete Tim e .......ccccceeeee. 302
7.3.3 Applications to Batch-Means and Spectral Methods 305
7.3.4 Functions of Time-Average L im itS.....ccooecvvviviinnnninnnn 309
7.3.5 Consistent Estimation in Continuous Tim e ............... 311

8 Delays 321

8.1 Specification and Measurement of Delays .......cccccoeviveinnne 323
T8 S0 R I U o 1 o PSR 324
8.1.2  StArt V eCTOIS .ot 326
8.1.3 Examples of Delay SpecificationsS.......c.cccceevvevveeiveenee. 328

8.2 Regenerative Methods for DelaysS......ccovviiiiiiniiin e, 340
8.2.1 Construction of Random INndicCesS......coecvviviinniennnen 341
8.2.2 The Extended Regenerative Method for Delays . . . 352
8.2.3 The Multiple-Runs M ethod........cccoovviiiiiiiiiie e, 354
8.2.4 Limiting Average DelaysS.......ccccoiniiiiiiniiiniiin i, 360

8.3 STS Methods for DelaysS....ccciiiiieiiie e 365
8.3.1 Stable Sequences of Delays ......cccccvviriiiniiniiiieniiennn, 366
8.3.2 Estimation Methods for DelaysS......cccoeeviiiiiiiiiinnninnnn, 373

8.3.3 EXAMPIES. i 377



9 Colored Stochastic Petri Nets 385

0.1 The CSPN MoOdel. ..o 387
9.1.1 Bullding BIOCKS....cccvviiii e 387
9.1.2 Modelling With CSPNS ... 390
0.1.3 The Marking ProCess ...cocccoiiieeeeiiiiie et 397

0.2 Stability and Simulation.......ccccccoeiiiiiii e, 402
0.21 RECUITENCE oo 402
0.2.2 CSPNs and Regeneration.....ccccccevceeeiiieeeiieee e 406
90.23 CSPNs and STS Estimation M ethods......c.ccccvveenneen, 409
9.24 Consistent Estimation MethodsS........cccccoeeveiiiiiininee, 412
0.2.5  DelayS. i 418

9.3 SYMMELriC CSP N S i 423
9.3.1 The Symmetry ConditioNS.....cccooeeviiieeviineeniee e 423
9.3.2 Exploiting Symmetry: ShorterCycle Lengths . ... 425
0.3.3 Exploiting Symmetry: Increased Efficiency................... 431

A Selected Background 447

A.l Probability, Random Variables, Expectation..............cccoceeenn. 447
A .11 Probability SpacesS. ., 447
A.L2  General MEaSUIES.....cvei e 449
A. 1.3 Random VariablesS. ..., 450
A L4 EXPECIAtION ..ottt 452
A.15 Moment Results for Random Sums........cccceoveeevvnennee 457
A. 16  General Integrals.....occciiiiiiiiii e, 458
A.1.7 Conditional Expectation and Probability ................. 460
A.18 Stochastic CONVEIgeNCe. ..o 462

A.2 Limit Theorems for StochastiC ProCesses.....ccccccvvveeviveeeenivnenn. 467
A.21 Definitions and Existence Theorem.......ccoooeevieeennnen, 467
A.22 1.1.D., O.1.D., and Stationary SequUences...........cceeeuu... 470
A.2.3 Renewal ProCESSES et 472
A.2.4 Discrete-Time Markov ChainsS.........ccceevveeiiiiiiiiieeeceenne, 474
A.25 Brownian Motion and FCLTS.....ccociviiieiiiiiiiieeeeeee, 476

A.3 Terminology Used inthe TeXt. e, 480

References 483

Index 499



