Theory of
Modeling and
Simulati

Second 1

.‘_ir

Integrtigmﬂhiﬂéfretﬁ Event and
Continuous Complex Dynamic Systems

aeeasan ity —_— e oo
il e F - PETe
7 '-Er.'é";_.:...': s y . . gt
' T

= - !

..........
Pl

f

“ih e /
r 27 S i
L -
RIEY. -
p
L |
L - 5
i
Mty st f i =
. .".,;:'n' £ £
..:..|:," ". |._..

- UTRTTEN |
Bernard B Zeigler Herwmfﬂ Tag Gon Kim



Contents

Preface to First EAItion ........otiiiviiurianneiniiiniiiiiiieniiiinnenrisaeraenns xvii
Prefaceto Second EAIHON ...ttt iiiiienr it iaa e xix
Acknowledgments ... ..vuiieniiiinii i i it e e it n s xxi
Partl: Basics........ccnmmmmmmcanmminniminenmis eetnisensssnsssenssssennesannassanarannes o 1
Chapter 1 Introduction to Systems Modeling Concepts ....................... 3
1.1  Systems Specification Formalisms ..........................00 3
1.1.1 Relation to ObjectOrientation................covuvnnn.. 5
1.1.2 Evolution of Systems Formalisms .................o0000 6
1.1.3 Combining Continuous and Discrete Formalisms ........ 7
1.1.4 Quantized SYStems .........ovvvviriniinineiiiiiiiisans 8
1.1.5 Extensionsof DEVS...................... feeerearanaans 9
1.2 LevelsofSystemKnowledge ............c.ooviiiiniiin ot 11
1.3 Introduction to the Hierarchy
of Systems Specifications ..............ooioiiiiiii e 13
1.4 The Specification Levels Informally Presented ................. 14
1.41 ObservationFrame ............coooviiiiiiiniiiinrennss 14
14.2 I/OBehaviorandI/OFunction .................... ..., 16
1.4.3 State Transition System Specification ................... 17
1.4.4 Coupled Component System Specification .............. 8
1.5 System Specification Morphisms:
BasicConCepts .....ovvviiriiiiiiiieirerisirnrierrannaannaaas 18
F IR T~1 11101 (T2 P 21
B T L o - 22
Definitions, Acronyms, Abbreviations ......................... 23
Chapter2 Framework for Modeling and Simulation . .............coveviievnen 25
2.1 TheEntities of the Framework ..............cooiiiiiiiiinen, 25
2.1.1 SoUrceSYSteIN ..........civisrentsarranirnrrecaonaenes 25
2.1.2 Experimental Frame ...........ccoviiieniiiirineraennss 27
213 Model ..o e e i st e 29
214 Simulator...........ieviinnn e 30
2.2 Primary Relations Among Entities . ..................oieatnt 30
2.2.1 Modeling Relation: Validity ....................coinii 30
2.2.2 Simulation Relation: Simulator Correctness ............. 32
2.3  Other Important Relationships ....................0iiieen. 32
2.3.1 Modeling As Valid Simplification ....................... 32
2.3.2 Experimental Frame: Model Relationships .............. 33
24 TIME .ottt it i 34
25 SUMMATY ...oiuvnirinrrnieriernsorsersnnansanss e 35

26 Sources ....... et teat et ae e e e ety 36



Chapter 3 Modeling Formalisms and Their Simulators ....................... 37

31 Introduction ............oiiiiiiiinenniiiinnnnniian, P 37
3.2 Discrete Time Models and Their Simulators.................... 37
3.2.1 Discrete Time Simulation ...............oviiiiiiinen.. 39
322 Cellular AUtomata .......covivinrerireanneainenannan, 40
3.2.3 Cellular Automaton Simulation Algorithms .............. 43
3.2.4 Discrete Event Approach
to Cellular Automaton Simulation ...................... 14
3.2.5 Switching Automata/Sequential Machines .............. 45
3.2.6 Lineat Discrete Time Networks
and Their State Behavior ...................c.coovannn,. 47
3.3 Differential Equation Models and Their Simulators ............ . 49
3.3.1 Continuous System Simulation ......................... 50
3.3.2 Feedbackin Continuous Systems ....................... 55
3.3.3 ElementaryLinear Systems.............cccvvviiennein... 56
3.3.4 Nonlinear Oscillators: Limit Cycles
and ChaoticBehaviors ..............oocovviiiininn.. 61
3.3.5 Continuous System Simulation Languages
and SYSIEINS ......cviiiniiiniiiieeiaiiriiaeanans 64
3.4 Discrete Event Models and Their Simulators ................... 66
341 INroduction ........coviviniiiiievnnuranininnenonses 66
3.4.2 Discrete Event Cellular Automata ...............oevnens, 67
3.4.3 Discrete EventWorld Views .............covvviuenevnn, 70
35 SUMMMAIY ...ivviiiiintii ittt aiisanenans 72
38 SOUICES +.vuuieeiiirnsarrieriasnoeiransanesessannsossanans 73
Chapter4 Introduction to Discrete Event System Specifications (DEVS) ......... 75
41 Introduction .. ....c..iuiniiii it rairreraranrears 75
4.2  Classic DEVS System Specification ..................c00vvene. 75
4.2.1 DEVSExamples ...........oooiiiiiiiiiiiiiiiiiii, 77
422 ClassicDEVSWithPorts ........cccvieiiiniiinirnnnis 84
4.2.3 ClassicDEVSCoupledModels ...........cocovvvvnenn., 85
4.3  Parallel DEVS System Specification ..............oooiiiinninn, 89
4.3.1 ProcessorWithBuffer....................coooiiiiiiian, 90
4.3.2 Parallel DEVS CoupledModels ......................... 91
44 HierarchicalModels ............ciiiiiiiiiiiiiiiiiiieinnaes 93
4.5 Object-Oriented Implementations of DEVS: An Introduction .... 93
4,51 StructuralInheritance ...........c.ccoiieiiiiiiiaceen.t 94
46 SUMMATY .....viivineiin e ietsansasissassassanssassssnranss 96
B 0 1 1 96
Chapter 5 Hierarchy of System Specifications ....................cic0ieent. 99
5.1 THIEBASE .. ..ottt et e e et 99
52 Segmentsand Trajectories..................oooiiiiiiii., 100
5.2.1 Piecewise ContinuousSegments........................ 102
5.2.2 Piecewise ConstantSegments .......................... 103
523 EventSegments ........ccvviirnernriniinoennranianeras 103

5.24 SEqUENCES ........ccoovriiiiiiiiiniiniiiianriiiiireiaas 104



53 J/OObservation Frame . .....c..covvveviinninririinnaerereenenns 104
54 I/ORelation Observation ........covveveveraennrrneriaesinrans 105
55 1/OFunctionObservation ..........ccooveiiiiiiiinieineinnans 107
56 T/OSYSIEIM ....vviiiiniiiiiiiirrrsntaesncen st ianes 108
5.6.1 Going from System Structure to Behavior ............... 110
5.6.2 Time-Invariant SYSteImSs . .......vvvvrerieniiineriaeaniss 112
5.6.3 Special Cases: Input-Free and Memoryless Systems ...... 115
5.7 Iterative Specification of Systems ...........c.coiiiiiii 116
5.7.1 Generator SEEMeNts .......ccoveeennnreervararrsraaesaes 117
5.7.2 Generator State Transition Systems ..................... 120
5.8 Multivariable Sets and Structured Systems ..............o.ueen 123
59 Multicomponent System Specification ...................000h 125
5.10 Network of System Specifications (Coupled Systems) ........... 127
5.10.1 Coupled System Specification ..................covviet, 128
5.10.2 Coupled System Specification
at the Structured System Level ................coniennnt 129
5.11 SUIMIMALY . ..etvunrriennensonronsensiasuersenssnasnneoncesss 131
B.I2 SOUICES ©tvenirerarnrenetsisasraasroinsanassraiotoraessasens 133
Partll Modeling Formalisms and Simulation Algorithms.............. 135
Chapter 6  Basic Formalisms: DEVS, DTSS, DESS ..........cocciiiavinannnnnns 137
6.1 Basic System Specification Formalisms .....................00s 137
6.2 Discrete Event System Specifications (DEVS) ................... 138
6.2.1 ClassiCDEVS .. .tiirtreriiiitarvanrrnrancenaanneanns 138
6.2.2 Structure Specified byDEVS ........coooiiiiiaiiiin 139
6.2.3 Legitimacy: When is the Structure Specified
byaDEVSReallyaSystem?........c.cooieniiiniinnannss 141
6.3 Parallel DEVS ... . .cviiiiiii it riiiira e trararsareriiiierans 142
6.3.1 System Specified by Parallel DEVS ..................... 144
6.4 Discrete Time System Specification (DTSS) .................... 144
6.5 Differential Equation System Specification (DESS) ............. 146
6.6 SUMMAIY t.vvririininnanrrerrerrossernrsnsraroissriesesns 147
Chapter 7  Basic Formalisms: Coupled Multicomponent Systems ............... 149
7.1 Discrete Event Specified Network Formalism .................. 149
7.1.1 Classic DEVS CoupledModels .............coivinininns 150
7.1.2 Parallel DEVS CoupledModels .............c.oooeniuu 152
7.2 Multicomponent Discrete Event System Formalism ............ 155
7.2.1 EventSchedulingModels ............cooviiiiiiiiiinn, 159
7.2.2 Combined Event Scheduling, Activity Scanning
Simulation SEategy .. ..o vvniiiiriaireriniiriinnens 159
7.2.3 ProcessInteractionModels ............ ..ol 161
7.2.4 Translating Nonmodular Multicomponent
DEVS Models into Modular Form ...........coconvuvnin 161

7.2.5 State Updating in Distributed Simulation ............... 162



7.3  Discrete Time Specified Network Formalism ................... 163
7.4 Multicomponent Discrete Time System Formalism ............. 166
7.5 Differential Equation Specified Network Formalism ............ 168
7.6 Multicomponent Differential Equations Specified
SystemFormalism ............ooiiiiiiiiiiiiiiiiiiii e 169
7.7 SUINMIMNAIY o trtirneannnnsianrianineannasiasntonsrionsarsonssns 171
T8 SOUICES . .0vvivtvenieruertannanneersennnseeosnnunncsenrnnsens 172
APPENdiX . .iiiiiiiiiie it e i e 173
Chapter8 Simulators for BasicFormalisms ...............c.oieenvennnaann. 175
8.1 SimulatorsforDEVS .........ciiiiiiiiiiieiieriiriinsinannans 176
8.1.1 SimulatorforBasicDEVS ........cciviviiniiinninanenn. 177
8.1.2 Simulators for Medular DEVS Networks ................. 180
8.1.3 TheRoot-Coordinator ..........ocvviiniereranrssrsrons 184
8.2 DEVSBUS ... i et i e 184
8.2.1 Simulator for Event Scheduling
- Multicomponent DEVS ...........oiiviiiiiiiniinaens 185
8.2.2 Simulator for Activity Scanning
and Process Interaction Multicomponent DEVS ......... 187
8.3 SimulatorsforDTSS .......oiitiiiiiiii e 189
8.3.1 Simulator for AtomicDTSS .......... ..ot 190
8.3.2 Simulator for Instantaneous Functions .................. 192
8.3.3 Simulator for Nonmodular Multicomponent DTSS ........ 192
8.3.4 Simulators for CoupledDTSS ..........coovvivinneien... 193
8.3.5 TheRoot-Coordinator .............cccovvvennenraenann. 196
84 Simulatorsfor DESS ... ... ...iiiiiiiirii it 197
8.4.1 Causal SimulatorforDESS ..............ccviiriiannen.. 197
8.4.2 Noncausal Simulatorfor DESS ......................... 198
8.9  SUIMIMAYY . .itutinrntieranranrasesnacanonranseernerrnsneanseas 201
BB SOUICES . ivvtrt et trioiuenestaenressiensensessnnsnosesonnnnn 201
Chapter 9  Multiformalism Modeling and Simulation ........................ 203
9.1 BriefIntroduction to Specialized Formalisms .................. 203
9.1.1 DESS Subformalisms: Systems Dynamics
andBondGraphs..............c.oiiiiii i 203
9.1.2 DEVS Subformalisms: Petri Nets and Statecharts ......... 204
9.2 Multiformalism Modeling ..............ccooiiiiiiiinnnns, 206
9.3 DEV&DESS: Combined Discrete Event
and Differential Equation Specified Systems ................... 208
9.3.1 A Simple Example: DEV&DESS Model
ofaBarrelFiller ......cooovviienninni i 210
9.3.2 System SpecifiedbyaDEV&DESS..................... 213
9.4 Multimodeling with DEV&DESS ........coiviiiiniiirinninnnen. 214
9.4.1 Example: Pot System with Command Inputs
and Threshold ValueOutputs ................ccvviunn 216
9.5 Coupled DEV&DESS: Network of Multiformalism Models . ...... 217
9.5.1 Basic Formalisms are Subsumed by DEV&DESS ......... 217

9.5.2 Coupled DEV&DESS Formalism ....................0v0 219



9.6 Simulatorfor DEVS&DESS ... ...\ il 222

9.6.1 The DEV&DESS-Simulator and-Coordlnator ............ 223
9.6.2 Integrating Different Modeling Formalisms ............. 226
b A T v - 227
Appendix A: The System Specified Bya DEV&DESS ............. 229

Appendix B: The System Specified By a Multiformalism
System-Closure Under Coupling

Of Networks of DEVEIDESS . ..o it iiiee it rrnereinns 231
Chapter 10 DEVS-Based Extended Formalisms ................ Cenrerieeaaans 233
10.1 Stochastic Systems: Conventional Approach to Uncertainty . .... 233
10.2 DSDEVS (Dynamic Structure DEVS) .......oovvieeeinnnen. .. 235
10.2.1 DSDEVS Closure Under Coupling....................... 237
10.2.2 Example: Adaptive Processing Architectures ............. 237
10.3 SymbolicDEVS .. ..ottt iiiiren i iiiiiie et 240
10.3.1 Symbolic DEVS CoupledModels. ................o...... 241
10.3.2 Example; Performance Evaluation
of Basic Architectures .............ccoviiiiiiiii .., 241
104 FuzzyDEVS .. ..ottt iiieis i i tiei s e 244
10.4.1 Basic Fuzzy DEVSFormalista .. ...........coveeneeniann 247
10.4.2 Embedding Fuzzy DEVS in DEVS \eeenneniirianeannn, 250
10.4.3 Example: Fuzzy DEVS Model for Boiler System........... 251
10.5 Real-Time DEVS (RT-DEVS) ...ovvniinriiiiiiiineriesennenn. 252
10.5.1 Formal Specification of Real-Time DEVS Models .......... 252
10.5.2 Execution of RT-DEVSModels .. .........ccouvneuiiia.. 253
10.5.3 Example of RT-DEVS: Elevator Control .................. 254
10.5.4 Real-Time Simulationand RT-DEVS .................... 257
106 SUMMAIY ...ttt renniianerassianeerearsesoanearssrsoaeeans 259
A T v - 259
Chapter 11  Parallel and Distributed Discrete Event Simulation ................ 261
11.1 Problem Characterization of Parallel
Discrete Event SImulation ......covvvverrerininnrsnernsinnens 262
11.2 Conservative Parallel Discrete Event Simulation ................ 264
11.2.1 Conservative Parallel DEVS Simulator ................... 268
11.3 Optimistic Parallel Discrete Event Simulation .................. 273
11.3.1 Time-Warp DEVS Simulator..............coveiivvnaaen, 275
11.3.2 Riskfree Optimistic DEVS Simulator .................... 281
114 Parallel DEVSSimulator .......ccvuviiiiiinnniiiiieirinanas 284
115 SUMIMNATY ... \vuvsreennsenerreesaeneeseeeereeneereeeeeenneens 287
T o S 287

Partlli System Morphisms: Abstraction, Representation,

Approximation ..........cuussruee TSR L. . |
Chapter 12  Hierarchy of System Morphisms ..................ciivenennnn .. 295
12.1 TheIl/OFrameMorphism ............cooiiviiiiiiiniinaiinins 297

I%.2 Thel/O Relation Observation Morphism ...................... 297



123 Thel/OFunctionMorphism ................ccooviiiiiio.... 298
12.3.1 IOFO System Morphism Implies
IORO System Morphism .........co.ovvvvviieninnennnns. 300
124 TheIl/OSystemMorphism ............cooiiiiiiiiieinnnnnn. 301
12.4.1 170 System Morphism Implies IOFO
andJOROMorphism ...............oooiiiiiia 302
12.4.2 The Lattice of Partitions
and the Reduced Version of aSystem ................... 305
12.5 System Morphism for Iteratively Specified Systems ............. 308
12.5.1 Iterative Specification Morphism
Implies I/0 Systern Morphism . .......ooovvvnvnina... 309
12.5.2 Specialization of Morphisms
for Iteratively Specified Systems ........................ 310
12.6 The Structured System Morphism ...............covvieninn.n. 311
12.7 Multicomponent System Morphism ................cccvuenvnn.. 314
12,8 The Network of Systems Morphism ........................... 317
12.9 Homomorphism and Cascade Decompositions ................ 320
12.10 Characterization of Realizable I/O Relations and Functions ..... 324
12.10.1 Canonical Realization ...............ccvvvvvnenvnnn... 326
1211 SUMIMATY .« vt ii i ittt a e e 327
12,12 SOUICES © .ottt it ettt st et aaeeaneanan 327
Chapter 13 Abstraction: Constructing Model Families ....................... 329
13.1 Scope/Resolution/Interaction Product ........................ 329
13.1.1 Complexity ......ovviiiiiiiiiiiiii i, 330
13.1.2 Size/Resolution Trade-Off: Simplification Methods ...... 332
13.1.3 How Objectives and Experimental
Frame Determine Abstraction Possibilities .............. 334
13.2 Integrated FamiliesofModels .........................ooo.eL. 335
13.2.1 Integrated Model Family Example: Space Travel ......... 335
13.2.2 Space Travel BaseModel ....................ooiiinas, 336
13.3 Aggregation: Homogeneity/Coupling Indifference Principles . .. .339
13.3.1 Coupling Conditions Imposed by Anonymity ............ 342
13.3.2 Constructing Lumped Models Based
on Identity-Erasing Aggregation ........................ 344
13.3.3 All-To-OneCoupling ...........cooviviiiiiiinnnennann. 348
13.3.4 Example of Aggregation Model Construction:
SpaceTravel ........cooiiiviiiii it i 349
13.3.5 Constructing Aggregations Through State
and Block Refinement .............cccovvvvieinninaan.. 351
13.3.6 Time ScaleRelations .........ooovvereniinniniaenennnn. 353
13.3.7 Universality/Applicability of Identity-Erasing
Aggregations ... ... . i i i i e 353
13.4 Abstractions for Event-Based Contral ................... ... 354
13.4.1 Boundary-Based DEVS ......... ... ...t 354
13.4.2 DEVS Abstraction: Space Travel Example ................ 357
13.5 Parameter Morphisms ........ ... .ottt 358
13.5.1 Linear Systems Parameter Morphisms .................. 359



13.6
13.7

13.5.2 Example Lumpable: Linear DTSS

and Parameter Morphisms ......coveiiiiienannnrnennns 360
13.5.3 Constraints on Parameter and State Spaces:

Disaggregation ..........oiiiiiiiiiiiiiiii i 362
13.5.4 Using Parameter Morphismsin

an Integrated Model Family .....................c0he . 362
Summary ...... bbbt ea e it 364
L0 0 o - 364

Chapter 14  Verification, Validation, Approximate Morphisms: Living with Error ... 367

141 Verification ...... ... vt i 367
14,2 Validation at the BehavioralLevel .................ccoovuiaL, 368
14.2.1 Quantitative Comparison .........o.cvuvrvirninasaasas 371
14.2.2 Qualitative Comparison .............ccivvinvnriiinin., 372
14.3 Performance/Validity (e.g., Speed/Accuracy) Trade-off ........, 373
144 Approximate Morphisms and Error Behavior................... 377
14.4.1 Approximate Morphisms
and the Specification Hierarchy ........................ 377
14.4.2 Approeximate Homomorphisms
and Error Propagation ..............coouveiiniiienenna, 378
14.4.3 Example: Approximate Linear System
Homomorphisms .......cciiiireieiinireriniaeenel 382
14.5 Approximate Morphisms at the Coupled System Level . ......... 384
14.5.1 Error-Driven Aggregation Refinement................... 384
14.6 Validation atStructuralLevels ...........cooiiiiiiriieinin 387
14.6.1 Calibration, Parameter Identification, Sensitivity ........ 388
14.6.2 Local/Global, Cross-Model Validation .................. 388
147 SOUICES .. .ovviri it iiariritanat s isniesttarsannraraarnnss 389
Chapter 15 DEVS and DEVS-like Systems: Universality and Uniqueness ......... 391
15.1 Relation Between Classical and Parallel DEVS:
IsThere One or TWo? .. ...ttt mniiierenans iy 391
15.2 Universality and Uniquenessof DEVS ................... ... 393
15.2.1 Systems with DEVS Interfaces ..........oviiiiinal, 393
15.2.2 Behavior of DEVS-like Systems ...................ooo0l. 395
15.2.3 Universality of DEVS . ....... vt ens, 396
15.2.4 Example: DEVS Realization of DEVS-like System ......... 397
15.2.5 Uniquenessof DEVS .. ... i iieiiiiiieiiiiiaananees 398
153 DEVSRepresentationof DTSS ... ..., 399
1531 Input-FreeMoore ... ..ot 400
15.3.2 Multiported FNSS ... ..oviiiiiiiiiiiiaiieniaiennns. 400
15.3.3 Moore DTSSwithInput .........cooiiiiiiiiiiina 401
15.3.4 Mealy DTSS ... iviietii it iiiiiiaraiiiiiranans, 401
15.3.5 DEVS Strong Simulation of DTSS Coupled Models ....... 401
154 Efficient DEVS Simulation of DTSS Networks .................. 403
155 SUMINAIY ....uvtiiirinter o neesnarnassranranansrarnanyyd AQ5
1568 SOUICES .uiinnniiaerirsanraserasinrsnsssneraeronansussensnny 405

Appendix: Isomorphically Representing DEVS-like
Systemg Y DEVS ... cviiiiiiiieiinniiitieniieiin s, 406



Chapter 16  DEVS Representation of Systems ... .. U P A

16.1 DEVSBusRevisited ..........cooviriiviinneiineeranioiieenn 411
16.1.1 Approaches to DEVS Representation
_ Of CONtINUOUS SYStEMS ... vvvereerinrennrenierrencnanes 412
16.2 DEVS Representation Using Conventional Approach ........... 414
16.2.1 DTSS Simulation of a DESS Integrator ................... 415
' 16.2.2 Simulation of Coupled Systems by DTSS ................ 416
16.2.3 Discretized Simulation of Coupled DESS
with Arbitrarily Small Error . .........ooovi it 418
16.2.4 DEVS Representation of DESS via DTSS Simulation ...... 419
16.3 Quantization: An Alternative Approach ' ‘
for DEVS Representation ..........oovinriereinennroniiananss 419
16.3.1 Quantized SYStemSs ........c.iiiiiiiiiiiiii ey 421
16.3.2 Exactly Quantizable Systems ............... ..ol 422
16.3.3 Quantized Integrator: Approximation of DESS ........... 424
16.3.4 Coupled Systems with Quantized Components .......... 425
16.3.5 Quantized Simulation of Coupled Systems
with Arbitrarily Small Error ........ooooiiiiiiiiin 427
16.3.6 Quantized Simulation of Coupled DESS
with Arbitrarily Small Error .. .......oooviiiiiiiia 429
16.3.7 DEVS Representation of Quantized Systems ............. 430
16.3.8 DEVS Representation of Quantized Integrator ........... 431
16.3.9 DEVS Simulation of Coupled Quantized Systems......... 432
16.3.10 Quantization-Based DEVS Simulation of DESS ......... 433
16.4 Simulation Study of Quantization .............. ... ..o 434
16.4.1 Some Indicative SimulationResults . .................... 434
16.4.2 Comparing Quantized DEVS
with Pure DTSS Simulationof DESS................o..t 437
16.4.3 Insight from Second-Order Linear Oscillator ............. 439
16.5 Conjectures for FurtherResearch ..................c.coiionis 441
166 SUMIMATY ..vvntnriinriririnrarenrsrensracanaissrsassornenns 443
167 SOUTCES ..vvvvrrinvrarersannonnenranmatsssssannsassssassnnnnss 444
16.8 Problems .....vviiiit it raeiani ety 445
Appendix1 Closed Loop DTSS Simulation ................... 447
Appendix2 Uniformly Segmentable InputSets ............... 449
Appendix3 ExactSimulationbyDEVS ...............o.ooal 451
Appendix4 Closed Loop Quantized Simulation ............... 452

Part IV  System Design and Modeling and

Simulation Environments........cccvicreninnnrernssesenssnsmnssnnmnanns 455

Chapter 17 DEVS-Based Design Methodology ..............cc0civiinnans 457
17.1 Methodology Overview ..........ooviviiiieiiiinianinans L ...457

17.2 DEVS Definition Language ...........coooviiiiiiiiiiiiiinena.. 459

17.2.1 Atomic DEVS Definition ............ccoiieiiiiin 460

17.2.2 The Coupled DEVS Definition ............c..ooiiuiny 462

17.2.3 Example: Generator-Buffer-ProcessorModel ............ 463



17.3 Execution of DEVS Definition .................... PR 166

17.4 Logical Analysis: Model Verification ........................... 468

17.4.1 Assertional Specification of Temporal Logic ............. 468

17.4.2 TL Specification Language ..................ccocivninnn, 473

17.5 Model Verification by Language Acceptance Checking .......... 475

17.6 Performance Evaluation ..............ccouiuiiinieneeieennanns 477

17.7 Implementation: DEVS Model Execution ...................... 477

17.8 Summary ... e e 479

179 SOUICES ..ottt it irn e s e nennreseaeannernaaneenns A79

Chapter 18  System Entity Structure/Model Base Framework . ................. 481
18.1 Model Base Management by System Entity Structure ........... 481

18.2 System EntityStructure ............cooiviiiiiiiiiiiiiinnania 482

18.3 System Entity Structure/Model Base (SES/MB) Framework . ... . 485

18.4 Example: Design of a Transaction Processing System ........... 486

18.4.1 System Entity Structure ...............ciiiiiiiiiiniinn, 487

184.2 Model Base ........ccvierrervirrrrrsnrasrearvanrnnerns 487

18.4.3 Pruning and Model Synthesis .......................... 487

18.4.4 Performance Evaluation ................ccovevviiiinn.s 488

18.5 Automatic PruningofanSES ..............cooiiiiiiiiin.... 490

186 Summary ... et 491

18.7 SOUFCES ...ouvintiiiiii it ieueie s erienanetnassontannsas 492

Chapter 19  Collaboration andtheFuture ...................... eaesaasaras 495
19.1 AnArchitectureforM&S .. ... ...t 495

19.2 How Does Collaboration Support M&8? ..............c.ovens.. 497

19.2.1 Model COnstruction ...........c.ccvveiveievvnrareerneens 497

19.2.2 Model Composition ..........ccovveiieiienenrienenenns 497

19.2.3 Supporting M&S with Collaboration Environments ... ... 497

193 SUMIIATY ..ottt ittt it e b i rano e 499

19,4 SOUICES .. ovvivtrirt v nerinianrstrariainionransinranrsnnss 499

T L 501



