Hardware Desmn
Verification

ey wemip

- Simulation and Formal Method-Based Approaches




Contents

20 (3 < v O xvii
ACKNOWIBAZIMENTS. . . oot vttt eiaseiseses s taetosransnnrrsnsssssasnsnans xxiii
AbOUtthe AUThOL. . .ottt i i it ittt e a e e e bty XXV
Chapter 1 An Invitation to Design Verification .. ..o oo, 1
1.1 WhatIs Design Verification? .. ... .. .ottt iiiariinranerniariiasnanss 2
1.2 . The Basic Verification Principle. . . ........coii i an, M 4
1.3 Verification Methodology . ... .o ittt ittt iia it iaas e saarnas 8
1.3.1 Simulation-Based Verification ..........ccciiiiiiiiiin e ieencanraannna 8
1.3.2 Formal Method-Based Verification. .. ........coiiiiiiiiiniiiienrernvanns 12
1.4 Simulation-Based Verification versus Formal Verification. .. ............ccoevvu.. 15
15 Limitations of Formal Verification. . . .. ..o vuvtvineertvinrrireirerernnnnesns 17
1.6 A Quick Overview of Verilog Scheduling and Execution Semantics. . .......covovuvinn 17
161 CONCUITENT PrOCESSES « v v vttt e v reansaenianrenenonsosisatonssrsnssnsnss 17
1.6.2 Nondeterminism. ... .ovrientir it ia e raeranrnrerronsnsntionsosns 19
1.6.3 Scheduling Semantics.........ccoviriirii it i 22
17 SUIMUTIALY & tvt ittt iee e tin s tasa e ia s s s s cansannrarntsnntnoness 23
Chapter 2 Coding forVerification. .......... .o i iiii it i irai e 25
2.1 FUncCHonal COXTeCIIIESES & v v v vt v v eeeve s vnrne e sarnannssnraossosoreossosrsanns 27
211 Syntactical CheckS, .o v vyt i et i i i i i e e 27
232 Structural ChecKs & vvveeivinirnnrnrrrornsoaeraasaasraoraensaentassians 36
22 Timing COITECINESS ... o vttt it iet it tie st raansssrnssansroaraansaananssans 39
221 Race Problem. . .. ittt it iie ittt et e 39
222 ClockGating .. ..ottt iiinit i irannesiiantesisantassoanaarss 41
223 TimeZeroand Zero Time Glitches. ... ..viiv v irrrorrrniornversasorassas 42
224 Domain-Crossing Gtches . .. ..o iiiiiiiinien i iiiiinriiriinnnnss 43



X Contents
23 Simulation Performance .. ... ..ot e e e e 44
231 Higher Level of Abstraction... ... oo vt i iy 44
2.3.2 Simulator Recognizable Components. ... ovi i riornitrianrnoriaaneeres 46
233 Vectorversus Scalar . ... vy v i i i e e b 48
2.3.4 Minimization of the Interface to Other Simulation Systems ................. 51
235 Low-Level/Component-Level Optimization.......,....ccooiiiieiiininsys 51
236 CodeProfiling ........ovuiieiniiiiiin ittt it e 52
24 Portability and Maintainability. ........... oo i e s 52
2471 Project Code LayOUL . . vyt e e nets i neaorrttana s racnariasnsorinases 52
242 Centralized RESOUICE | v\ i v et vustintina vttt aacarinarsriannes 54
243 RTLDesignFile Format ... ..ot iiinien i anias 55
25 “Synthesizability,” "Debugability,” and General Tool Compatibility........... Y 56
251 Synthesizability. .. ... cooviiriin it it e i e s b7
2582 Debugability ... ..ot i i e e 57
26 Cycle-Based SImulation ......c.viinn it itariianreiiseneisranarias 59
2.7 Hardware Simulation/Emulation . .. ... .o iiiiii it iiiii i ierae e 62
2.8 Two-State and Four-State Simulation. ... .. .oovvii i iiin i ciniiiireraariianans 64
29 DesignandUseofalinter ... ... .. i i it i 66
240 SUIMIDATY + oot i i v et taa s s e i ba e s baas st ia ittt st ae s 67
201 Problems ...t e e e e e e 67
Chapter 3 Simulator Architectures and Operations............. e e arsenrenraenaas 73
3T The Compiers ... v ie it riiniae s tian e tasnirsraanissnns vovea 74
32 TheSImulators. ... oo vt i i i e e e e 79
321 Event-Driven SItnulators .. ...ov.vuenniieiiiinnniitiioanreriiiseeneens 80
322 Cycle-Based Simulators .............. e e ety 88
323 Hybrid SImulators. . ... .cvvvniran i iianrciiiniasrreaiaereiniaeans 100
3.24 Hardware Simulators and Emulators. . ....oovv e iiniiiiiieeiinany, 106
3.3 Simulator Taxonomy and CompParson. . ... ovv vt iiieeerrinentnrnsaserioanrss 108
3.3.1 Two-State and Four-State Simulators. .. ..o voveen i i iniaraiiiinrens 108
3.3.2 Zero- versus Unit-Delay Simulators. . ....o.oviv v iiiinen i, 109
3.3.3 Event-Driven versus Cycle-Based Simufators...............c.0cvunnnins, 110
3.34 Interpreted versus Compiled Simulators................covvn i viaea il 111
335 Hardware Simulators .. ... .c.c.oviiviiii i iiiie i i iina it 111
34 Simulator Operations and Applications. .......ooviiiieiiiiiinreiiinrrerann. 112
341 TheBasic Simulation File Structure, .. ... .ov v s et irsreariescrainnns 113
34.2 Performanceand Debugging...... ..ot iinr et e 114
343 TIming Verification ... vovven it iin it i et aee i besa et nenar it etnnans 116
344 DesignProfiling ... ..o iii it i i e s e e 122

345 TwoState and FOoUr Stale .. 0 vu v i ir s it rten e banranisensaransinens 123



Contents xi

3.4.6 Cosimulation with Encapsulated Models ............ .. cciiiiiienanea 125
35 Incremental Compilation .........o . ieirrrinaanaiiiiiiainieriearaiiianns 126
36 SUMMATY ... it i i i i i e 129
37 Problems. ... ... cveniir ittt i e e e e 130
Chapter 4 Test Bench OrganizationandDeslgn. .. .......c.ocivvinii i iiinienn 137
41 AnatomyofaTest BenchandaTest Environment............ccooiiiaiiiont 137
4.2 Initialization Mechanism. .. ... ... vttt ire i ir i tr i e s 142
421 RILInitiaHzation. ... .....oiveviue e rnsarrariaerennisersrnirennenes 143
422 PLIInitialization ........coitiiisiiieriineiatiorasiritenernirasanses 145
423 Initialization atTIMe Zer0. . ... v vt vi i i iierrr i iaansaiisiasninaansnss 147
43 Clock Generation and Synchronization .. ... .. vvvvr vttt ieiaitiveianss 148
431 ExplicitandToggleMethods............ oo viiveaiiia i, b 148
432 Absolute TransitionDelay. .......coiiiiiiiiirneianrian Cr e 149
433 Time Zero Clock Transition. + vy eveetiin et iaensaninnnetssnanserisens 150
434 Time Unitand Resolution. .. ....c.oviiaeiniiiiinneriianerririsansninsas 150
435 ClockMultiplierand Divider ...... .. v iiiii it i e 151
436 ClockIndependenceand HIter. ... .....uviiiirivinivrrareiocainssinsns 152
4,37 Clock Synchronizationand DeltaDelay. ..........oooivivinis Ceeeia e 153
4.3.8 ClockGenerator Organization ......cooeviiiiiiiiir et iinenenraannunss 154
44 StimulusGeneration .........ii ittt ii i e e it e 155
441 Asynchronous Stimuli Application. ......... ..ol e 159
4.4.2 Instruction Code or Programmed Stimuli............covviiinni it 161
4.5 Response ASSESSITIENT .. .vvuver v r i vrrorriveranroraans i rede e, 162
451 DesignState DUMPINE ... vu it ieiiiiiieia i i ciisraarciassnns 162
4.5.2 Golden Response.,........ e iaaarenaaesae s Ceee e e 187
4.5.3 Checking Temporal Specifications................ e 178
48 Verification Utility ........covvviunivsanas Cr e e 183
4B Error I eCtOr. . oottt i e i et e b e 184
4,62 ErrorWarning and Alert Mechanism ............ccooviiiieriaas R 185
463 Memory Loading and Dumping Mechanism. ............c.ooiiievniins. 186
464 Sparse Memory and Content Addressable Memory (CAM) ..........00vcnen 190
46.5 AssertionRoutines ............0oivvvues e reaar et i ...194
4.7 Test Bench-to-Design Interface. . . . . e iede ey beeaeaanaaaaane ..195
48 Common Practical Techniques and Methodalogies. ....... s eara s ae i 196
4.8.1 Verification Environment Configuration.......... Pih e 196
4.8.2 BusFunctionalModel.............coiiiiiieiiiiinaas D B ]
49 SUIMIMALY « 0 vt vvrunrirnannnesanorriserssrsersaasaans e PN 204

L L S o 0 123 4 V-7 204



xil Contents
Chapter 5 Test Scenarios, Assertions, and Coverage. ............. e r e a iy 21
5.1 Hierarchical Verification . ...t it icnnaan e 214
B SystemLevel ... ...t e e s e e, 215

1.2 Unitlevel ... i i i ettt e ey 216

513 ModuleLevel. . ..o vurin i s iiarse e iarasrssnnasnssrrassssnns 216

B2 TestPlan.....vviirinininrnnniirnnnsreinnsiasennan e araeereiaaa e L 217
5.2.1 Extract Functionality from Architectural Specifications. . .... e 217

522 Prioritize Functionality. .. ... ..ottt iii i i cer e a e 222

5.2.3 Create Test Cases..... e e b a e 223
524 Track 01 =T Y e eeieaeaees 223

5.3 Pseudorandom Test GeNerator. .. ...ovvutiin et stsaesensaanasnnassnans 227
8531 UserInterface .. ... vriniiiniiiiriiaieiiisnaiisissaiisenisnns iee...228

5.3.2 Register and Memory Allocation ......... P .. 229

533 Program Construction .........ccovvniiiii i iiiiniinriannen. vaen..230

534 Self-checkingMechanism ...........cooviiiiiiiiiiiiinens e 230

A ASSErtionS.........ciiiiiiiiaiiiiiri it e e 232
541 DefiningWhat t0 ASSEIT v v v v v vt v e rir et roreerorerrarssrorssonrssisns 232

5.4.2 Assertion CoOmMPONeNts. . .. ovu it e i iiieenie et rernaenaasns 233

54.3 WritingAssertions.............covvuvnns et 235

54.4 Built-in Commercial ASSEItioNS. .. ... viver e rcnrsennas e 247

5.5 SystemVerilogASSertions ........ovuuivrnrirrerrnnsrnserasranrans s 248
551 ImmediateAssertions..........ccovvuvvrvnn. R 248

552 COnCurrent ASSETHIONS + o v vuvvnverausenoenssrsssnsosaassnosarssoasss 249

56 Verification COVETAB. ¢ v vt s iv i e artvanrnsrsnosenssoansrsnsnsons e 259
5.6.1 Code Coverage ....... e et ereer e e 261

5.62 Parameter COVEIAZE . ..o vttt tonstransuntaennsoanreniasnnassans 270

5.6.3 Functional Coverage................... i

- 5684 Ttem Coverage and Cross-COVETAZE . . v vvv vt vinivsstrrissasssasssnnes 278

B A 11 114 o - 279
o 1Y) 1 280
Chapter 8 Debugging Process and VerificationCycle ................ Crresans i 287
6.1 Tailure Capture, Scope Reduction, and Bug Tracking ....... e ey 288
611 FailureCapture.........cviiiiiiiiiiiiiiianrinnansienias e ...288

6.1.2 ScopeReduction.............civiiiiiniriannn, eenaeaaas e e 289

6.1.3 ErrorTracking System. .......cocveivaninnnan P 295

62 Simulation Data DUMPIIE o\ v\ vvvvreernvreronenerersersnrnsnesonsnnsos e 297
6.21 Spatial Neighborhood..........coiiiiiiiii ittt iiaii i ienanss 297

622 TemporalWindow.......... i re et se e s .. 298



Contents xlit

6.3 Isolationof UnderlyingCauses............ccoiiiiiiiii ittt iiranriaanes 300
6.3.1 Reference Value, Propagation, and Bifurcation . .......................... 300
6.3.2 Forward and Backward Debugging ..........c.oiniiiiiiiiiiiinnniau., 301
6.3.3 TracingDIAgram .. ......vuvvrernnreenns P eenetrertanitsnttarataeens 302
634 TimeFraming .....couiiutiiiiriuiisrnnrrsisansiensiansinssaassonss 304
635 Load, Driver, and ConeTracing ............ e i i 306
636 MemoryandArrayTracing.........vcvuuee O T 308
6.3.7 ZeroTime Loop Constructs .......ocvvvuues [P 310
6.3.8 The FourBasicViewsofDesign ........cooiiiiiiiiiiiniiiiinienaans. ,.311
6.3.9 Typical Debugger Functionality . . ......ouvrtie i inrinnnirsnnnesonss 312
64 Design Update and Maintenance: Revision Control .......iviiiviiiraniaranaas 315
65 Regression, Release Mechanism, and Tape-out Criteria .........cvvvivaerveensas 318
66 Summary ...........iiiiiiiiiiiaiiiinas e eraeine e Lahoaannanns 321
6.7 Problems. ..o it i i i et aa e e e e 322
Chapter 7 Formal Verlfication Preliminarles. . . .......coviiiii i iiiii i irenirarennnes 33
7.1 Setsand Operations............. e 332
7.2 Relation, Partition, Partially Ordered Set, and Lattice ..........coiivierneeeraess 334
7.3 Boolean Functions and Representations .............coiiiiiiiinnnrinnanaens 342
731 Symmetric Boolean FUNCHONS . . . oo v i v iin ittt i e iiannans 346
732 Incompletely Specified Boolean Functions .. .. ... .ovvvviisvineirsvanness 349
73.3 Characteristic FUNCHONS. . ..o vv i iiiin i caiss i inseraaastsrnannsss 351
74 Boolean Functional Operators ......uvv v iviunrrsrararratararrssaonrssssonss 353
7.5 Finite-State Automata and Languages . .......veveenrrnrsrnssorsaanisarasnaes 359
7.5.1 Product Automataand Machines............oooiiiiiiiiiiiiin i 363
7.5.2 State Equivalence and Machine Minimization . ..........0i000. [ 365
7.5.3 Finite-State Machine Equivalence ................ e 370
754 Graph Algorithms ..... e b e et e 371
755 Depth-FirstSearch ............covn.s. A ..373
756 Breadth-FirstSearch............coiiiiiiiiiiiiii it it 378
A 51 1 4 ) o 380
A & ¢+ 5] - 1 1 381
Chapter 8 Decision Diagrams, Equivalence Checking, and Symbolic Simulation .......... .. 387
8.1 BinaryDecision Diagrams. ... ... iiiiiiii i iiiiiiisiatiieiriannaanns 388
81.1 Operations onBDDS. .. ...iviurvrietrnenanransonrennsasoarsorroares 395

8.1.2 Variable Ordering .................... S P 404



xiv CGontents
8.2 DecisionDiagramVariants .. ....vvvni i irainarranses e araaaraeraas 412
' 8.21 Shared BDDs(SBDDS) .........c.vun. weee e v 412
8.22 Edge-AttributedBDDs ............0. S C ey V.. 412

8.23 Zero-Suppressed BDDs (ZBDDS). .. ..vvvennnnnnnnn E 414

8.24 Ordered Functional Decision Diagrams (OFDDs) ......... b saenaeenes oo 417

8.25 Pseudo Boolean Functions and Decision Diagrams. ....... e eraeeanaaas 420

8.26 Binary Moment Diagram (BMD).......o0uvvannenna, B N .. 423

8.3 Decision Diagram-Based Equivalence Checking..... S R A 424
8.3.1 Node Mapping and Constraining. . ...............0hevnin e raaeas 425

8.4 Boolean Satisfiability.............coiiiiiiiiiii i e PR 430
84.1 Resolvent Algorithm....... i i I AN 431
8.4.2 Search-Based Algorithm...........ovvu. Cesa e b e 434

84.3 Implication Graphandlearning..........ccoviiiiiiniiiiiiniinniinn.. 1438

85 Symbolic Simulation.................... e e U % v
8.5.1 SymbolicVeriﬁcation..............................................;'1146
85.2 Input Constraiming .. ....veovversnvnenss P S 447
.8,5.3 Symbolic Simulation Using Characteristic Functions. . . ............. a.. . 450
8.54 Parameterization ...... A e e e 453

86 Summary....... e e I T Y4
87 Problems ............coiiiiiiiiiiiiena, Ceareenan e Ve ea e 458
Chapter9 Mode! Checking and Symbolic Computation. .......... e e 465
9.1 Properties, Specifications, and Logic .. ... eeeraenes v e eee e 466
8.1.1 Sequential Specification Using Automata.. .......ovoviivivvenann Tereaas 467

9.1.2 Temporal Structure and Computation Tree. .. .. e Ceier e Peeaean 468

91.3 Propositional Temporal Logic: LTL, CTL¥, and CTL .............. NI Y&

9.14 Fairness Constraint..............., ey e s ... 482

9.15 Relative Expressiveness of CTL*, CTL, and LTL ................. veerneeil. 483

9.1.6 SystemVerilog AssertionLanguage ................... haeaes saeeres ... 484

9.2 PropertyChecking............ciiiiiiiiiiiiiinna, b e rda e 484
9.2.1 Property Specification Using an Automaton .............................. 485

922 Language Containment ............. e e i R ... 487

9.23 Checking CTLFormulas.......... e e 489

9,24 Checking with Pairness Constraints. ... vova'iverre vmenronraaresss vevee ., 493

9.3 Symbolic Computation and Model Checkmg ..... SN Cevaaae eene Crrereenes 494
8.3.1 Symbolic Finite-State Machine Representation and State 'I!raversal ....... 495

9.3.2 CounterexampleGeneratmn.....................-‘.,.._._.-,....' ..... 1) |
933 EquivalenceChecking ........ooiiviiiiniiiinniiiinersansaniissnnes 502

9.34 Language Containment and Fairness Constraints ...............coovvuuv.. 507



Contents . XV

94 SymbolicCTLModelChecking...........coivviiiiiiiiiiiriinrrroarraessens 513
9.4.1 Fix-point Computation. . ...ovvsverervaareen. e e 513
9.42 CTL Checking with Fairness Constraints, ....... e e e 520
95 Computational Improvements ........ccvveivervanes et 524
9.5.1 EBarly Quantification ..................... e bes it 525
9.5.2 Generalized Cofactor ....... ... vvvnennienn J ........................ 527
9.6 Using Model-Checking ToO0IS. . ..t vvvereruneneurmessosesneseeernenorannss 529
9.7 SUIMIMATY « 0 vvvvrarureersaassnaiinsnaorsorsarranns P eae e 531
9.8 Problems................. et T T I 531
BiBHOGIAPIY « . vt v i i i e e i et 539



