Contents

35

1 IPsAbout TIme ..ot e 1
1.1 Bibliographic Remarks...................ooo i 6

R OIENCES . . . . 7

2 Languages and Interpretations .....................coooiiiiiiiii 9
2.1 Syntax and SEmantics ..............eeieiiiiiiiiiiiiiiii e 9

2.2 Language Features ..............euuuuiuuiiiiiiiiiiiiiieneeeeeenns 11
221 Formality ... 11

222 MediUM ..ottt 13

2.3 Languages for System Modeling .................coooiiiiiiiiiiin.. 13

2.4  Operational and Descriptive Languages................cceeviinn.. 15
2.4.1  Operational Formalisms ................cooviiiiiiiiaan. 16

2.4.2  Descriptive Formalisms: Mathematical Logic ............ 17

2.5 Bibliographic Remarks................cooiiiiiiiiii i 25
ReferenCes ... ..ooi e 26

3  Dimensions of the Time Modeling Problem ............................. 27
3.1  Discrete Versus Dense Time Domains ....................ooeein 27
3.1.1  Continuous Versus Non-continuous Time Models......... 28

3.1.2  Bounded, Finite, and Periodic Time Models .............. 29

3.1.3  Hybrid SyStems .......ooiuiiiiiiiiiiiiii e 30

3.2 Ordering Versus MEtriC . .....oovuuuuiiieeeiiiii e iiiiiiieeeaas 32
3.2.1  Total Versus Partial Ordering ..................coceeeenn. 34

322  Time Granularity ............ccoiiiiiiiiiiiiiiiiiiieaan. 35

3.3 Linear Versus Branching Time Models ............................. 37

3.4  Deterministic, Nondeterministic, and Probabilistic Models........ 39
3.4.1 Deterministic Versus Nondeterministic Models........... 39

3.4.2  Nondeterministic Versus Probabilistic Models............ 41

3.4.3  Deterministic, Probabilistic, and

Nondeterministic Versus Linear- and

Branching-Time Models ..., 44
Implicit Versus Explicit Time Reference............................ 44

xi



xii

Contents

3.6  The Time Advancement Problem.......................ooooiii. 46
3.7  Concurrency and Composition ..............c.eeeeiiiiiiieeeennnnnn. 49
3.7.1  Synchronous Versus Asynchronous Composition ........ 50
3.7.2  Message Passing Versus Resource Sharing ............... 51
3.8  Analysis and Verification ISSU€S ...........ccovviiiiiiiiiiiniinnnnn. 52
IR 70 B =54 ) (e Ao 1 T 53
3.8.2  Decidability and Complexity..................coeeeennn.... 53
3.8.3  Analysis and Verification Techniques ..................... 54
3.9  Bibliographic Remarks.............cccouiiiiiiiiiiiiiiiiiiiiinnnns 55
ReferencCes.....covvn i 56

PartI Historical Approaches

4

Dynamical Systems ........... ... 61
4.1 Discrete-Time Dynamical Systems..............ccovviiiiena... 62
4.2 Continuous-Time Dynamical Systems ...................cceeenan. 63
4.3  The State-Space Representation of Dynamical Systems ........... 65
4.4  Dynamical Systems as Models of Computation .................... 68
4.5  From Continuous to Discrete .................iiiiiiiiinn... 69
4.6 Dynamical Systems and the Dimensions of Temporal
MOdEINg ...t 71
4.6.1 Discrete and Continuous (Time) Domains ................ 72
4.6.2  Irregular and Zeno Behaviors ...............ccooiiiie... 72
4.6.3  Determinism in Dynamical Systems....................... 74
4.6.4  Other Dimensions of Temporal Modeling in
Dynamical SyStems.........oouviiiiiiiiiiiieiiiiiie... 75
4.7  Notations and Tools for Dynamical System Analysis .............. 77
4.8  Bibliographic Remarks.................coooiiiiii 78
LSS 5] (3117 78
Time in Hardware Modeling and Design ................................ 81
5.1  From Transistors to Sequential Logic CircuitS...................... 81
5.1.1  Logic Devices from Transistors...............coeeeeeenn. 81
5.1.2  An Abstract View of Logic Gates.......................... 83
5.1.3  From Combinatorial to Sequential Logic Circuits ........ 84
5.2 From Two to Many States: Raising the Level of Abstraction ...... 86
5.2.1  Sequential Machines and Zero-Time Transitions ......... 86
5.2.2  Finite-State Machines .......................cooiieeiil 88
5.2.3  Finite-State Machines with Output: Moore
and Mealy Machines ..o, 89
5.3  From Asynchronous to Synchronous Logic Circuits ............... 90
5.3.1 Logic Synchronized by a Clock:
The Complete-Synchrony Abstraction .................... 91

5.3.2  From Continuous to Discrete Time ........................ 93



Contents

5.4  Modular Abstractions in Hardware Design .........................
5.4.1  The Behavioral Abstraction .................c.coevviue.n.
5.4.2  Hardware Description Languages .........................
5.5 Methods and Tools for Hardware Analysis .............c.c.ooouuee
5.6  Bibliographic Remarks..............coooiiiiiiiiiiiiiiiiiiiiii,
References. ... ..ot

Time in the Analysis of Algorithms...........................o.
6.1  Models of Algorithms and Computational Complexity ............
6.2  Computational Complexity and Automata Models.................
6.2.1  Measures of Computational Complexity ..................
6.2.2  Finite-State AUtOMAata ........coovvviiieieeiiniiieeeeennn.
6.2.3 TuringMachines..............cooviiiiiiiiiiiiiinnnnnnn....
6.2.4  Universal Computation and the Church-Turing Thesis ...
6.2.5 Complexity of Algorithms and Problems .................
6.2.6  The Linear Speed-Up Theorem............................
6.2.7  Complexity Classes and Polynomial Correlation .........
6.2.8  Nondeterministic Models of Computation ................
6.2.9  Nondeterministic Turing Machines........................
6.2.10 NP-Completeness.......covvveeiiiiiiiiiiiinnnninnnnnnnnnn..
6.3  Computational Complexity and Architecture Models ..............
6.3.1 Random Access Machines ....................oooeeeeea.
6.3.2  Algorithmic Complexity Analysis with
Random Access Machines ..................oooiiiii...
6.3.3  Random Access Machines and Complexity Classes......
6.4  Randomized Models of Computation .............ccceevvvvveeenenn.
6.4.1  Probabilistic Finite-State Automata .......................
6.4.2  Probabilistic Turing Machines and
Complexity Classes.........ooviiiiiiiiiiiiiieiiniinnen...
6.5 Bibliographic Remarks............ccoooiiiiiiiiiiiiiiiiiiiiiiiinns
References.....coovnnnii i e

PartII Temporal Models in Modern Theory and Practice

7

Synchronous Abstract Machines.....................ooooiiiiiiiiiin.
7.1 TranSition SYStEIMNS .. ....eeeeeinete et aee e eaaaes
7.1.1  Composition of Transition Systems .......................
7.2 Automata Over Discrete Time ............oooiiiiiiiiiiiiiiiiaa s
7.2.1  Extending Finite-State Machines with Variables..........
7.2.2  Finite-State Automata Features ............................
7.3  Decoupling Passing of Time and Transitions .......................
7.3.1  Timed Transition Models...................oiiiiiiiian.
7.3.2  Statecharts...........c.ooiiiiiiiii



Xiv

Contents
7.4  Automata Over Continuous Time .............ccooviiiiiiiiiiin. 183
7.4.1  Timed AUtOMAta ......oovuniiieieiiiiiie e iiiiieeen 183
7.4.2  Hybrid Automata ..........cceeeeeiiiiiiieiiiiiiiiiieean. 187
7.4.3  From Dense Back to Discrete Time: Digitization......... 191
7.5  Probabilistic and Stochastic Automata ............ccceevvvvveiennnn. 192
7.5.1  Stochastic Transition SyStems ...........c.c.ceevvvivvieennnns 193
7.5.2  Probabilistic Timed Automata .............ccvvvvvvvennn.. 196
7.5.3  Stochastic AUtOMALA.........evviiiiiiiiiiiiiiiieeeeeennns 198
7.6  Methods and Tools Based on Synchronous Abstract Machines.... 202
7.7  Bibliographic Remarks...........coooiiiiiiiiiiiiiiiiiiiiiiiiiian 203
ReferenCes.....oovin e 205
Asynchronous Abstract Machines: Petri Nets........................... 209
8.1  Basic Petri Nets......ooviiiiiiiiiiiiiiiiiiiiiiicccceees 209
8.2 Variations and Extensions of Basic Petri Nets ...................... 219
8.3  Timed Petri Nets......oovviiiiiiiiiiiiiiiiiiiiiiccceeees 222
8.3.1  Issues in the Semantics of Timed Petri Nets .............. 223
8.3.2  Formalizing the Semantics of Timed Petri Nets .......... 227
8.3.3  Timed Petri Nets: Complexity and Expressiveness ....... 232
8.4  Timed Petri Nets with Inhibitor ArcS........ccovviiiiiiiiiinnnn.. 233
8.5  Stochastic Petri Nets .......cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 236
8.6  Languages, Methods, and Tools Based on Petri Nets .............. 240
8.6.1  CO-OPN?2 and the Railroad Crossing Problem ........... 241
8.6.2  Tools for Petri Nets ........cooviiiiiiiiiiiiiiiiiiiia 242
8.7  Bibliographic Remarks.............oooooiiiiiiiiiiiiiiiiiiiiiiin . 244
R ereNCeS .. et 245
Logic-Based Formalisms ..., 249
9.1  Linear- and Branching-Time Temporal Logics ..................... 250
9.1.1 Linear Temporal Logic ...................ooiiiiiiiiiitt. 250
9.1.2  Branching-Time Temporal Logic .......................... 257
9.2 Future and Past Temporal LOgicS..........cccuuuuiiiiiiiiiiiiiinnnnn 265
9.3  Temporal Logics with Metricon Time ...............c.cccvuvvuunnnn. 270
9.3.1 Metric Temporal Logic...............covviiiiiiiiiin... 271
932  TRIO tii i 273
9.3.3  Specifying Properties in First-Order Metric

Temporal LOgiCS ....vvvviiiiiiiiiiiiiiiiiiieeeee 274
9.4  Discrete and Dense Time Domains............ccovvvuuuuunnnnnnnnn. 279
9.4.1 Dense-Time Modeling.................c.oovviiiiiiiinnnnn. 280

9.4.2  Sampling as a Means to Reconcile Discrete-
and Dense-Time Semantics ............ccevvvviviivenennnn.. 289
9.5 Interval-Based Temporal LogicS..........c.ccuuuuuiiiiiiiiiiiiiinnnnn. 291
9.5.1 Interval-Based and Point-Based Predicates ............... 297
9.6  Dealing with Heterogeneous Time Granularities ................... 298



Contents XV

10

11

9.7  Explicit-Time Logics .. ...cooviiii i 301
9.7.1 Real-Time LogiC.......ooviuiiiiiiiiiiiiiii i 302
9.7.2  Temporal Logic of Actions.............coevviiiieeennnn. 303
9.7.3  Timed Propositional Temporal Logic...................... 304
9.8  Probabilistic Temporal Logics .........cooviviiiiiiiiiiiiiiiiiinn. 304
9.8.1  Probabilistic Computation Tree Logic..................... 305
9.8.2  Continuous Stochastic Logic........................oo..lL. 308
9.9  Methods and Tools Based on Temporal Logics..............c..oo.t. 309
9.9.1 A Deductive Approach to the Analysis of
TRIO Specifications ..........uuueuuiiiieeiiieieeeeeeeennns 310
9.9.2  An Approach to Discrete-Time MTL
Verification Based on Satisfiability Solvers ............... 312
9.9.3  Runtime Verification Based on Temporal Logic .......... 315
9.10 Bibliographic Remarks..............ccoiiiiiiiiiiiiiiiiiiiiiiinnnns 316
ReferenCes.....oovvn i 319
Algebraic Formalisms ............ ... .. 325
10.1 Communicating Sequential Processes...........ccovvviiiiiiiiiennn. 326
10.1.1 Processesand Events ............coooiiiiiiiiiiiiiiinnn. 326
10.1.2 Internal and External Choice......................ooeenne. 327
10.1.3 Hidingof Events.............coooiiiiiiiiiinnnnn... 329
10.1.4  Concurrent Process Composition .......................... 330
10.1.5 Inter-process Communication...............oovveeeennn.... 332
10.2 Formal Semantics of Process Algebras ..............ccooeeviiiin 334
10.2.1 Trace SemMantics .........ccuveeeeeiiniuneieeennnneeeeennn. 334
10.2.2 Transition System Semantics .................cooeeveennnn. 337
10.2.3  Failure Semantics............coeiiiiiiiiieiiiiiieeennn. 339
10.2.4 AlgebraicLaws ... 342
10.3  Process Algebras with Metric Time ....................ooooiiin 344
10.3.1 Time Advancement as an Explicit Event.................. 344
10.3.2 Timed Process Algebras...................oovvviiiiiii..t. 346
10.4 Probabilistic Process Algebras............cccvviiiiiiiiiiiiiiinnn. 353
10.4.1 Probabilistic CSP .........cooiiiiiiiiiiii e 354
10.4.2 External Choice and Concurrency in
Probabilistic CSP ... 355
10.4.3 Nondeterminism and Hiding in Probabilistic CSP........ 357
10.5 Methods and Tools Based on Process Algebras .................... 358
10.6 Bibliographic Remarks............ccccvuiiiiiiiiiiiiiiiiiiiiiinnnns 360
ReferenCes .. ...oovi i 361
Dual-Language Approaches ............... ..., 365
11.1 Model Checking Frameworks ............cccooiiiiiiiiiiiiiinnnn 366
11.1.1 Automata-Theoretic Model Checking ..................... 367
11.1.2 Satisfiability-Based Model Checking...................... 372

11.1.3 CTL Model Checking by Tableau ......................... 374



XVi

12

Contents

11.1.4 Model Checking Timed Automata......................... 377

11.1.5 Concluding Remarks on Model Checking................. 383

11.2 The TTM/RTTL Framework...........cccooiiiiiiiiiiiiiiiiiiean. 384
11.3  The TRIO-Petri Nets Approach ..........c.ooooiiiiiiiiiiiiiiean. 387
11.3.1 Axiomatization of a Subclass of Timed Petri Nets........ 388

11.3.2 Axiomatization of General Timed Petri Nets ............. 393

11.4  Verification Tools for Dual-Language Approaches................. 404
11.4.1 Model Checkers .......oovviiiiiiiiiiiiiiiiiiiiiieeeenn. 404

11.4.2 Tools Supporting the TTL/RTTL Approach............... 405

11.4.3 Tools Supporting the TRIO/Petri Nets Approach ......... 405

11.5 Bibliographic Remarks............c.coviiiiiiiiiiiiiiiiiiiiiiiennns 405
ReferenCes.....oovin e 406
TIME IS UP ... e 409
12.1 Modeling Time: Past, Present... .......ccoviiiiiiiiiiiiiinnnnns 409
122 ... and Future .........oouiiiiii e 412
ReferencCes.....oovvnn i 414



2 Springer
http://www.springer.com/978-3-642-32331-7

Modeling Time in Computing

Furia, C.A; Mandrioli, D.; Morzenti, A.; Rossi, M.
2012, XV, 424 p., Hardcover

ISBN: @78-3-642-32331-7



