Contents

Preface XV
Acknowledgments xvii
1 About This Book 1
1.1  What You Should Know Before Reading ThisBook . . . ... ... ........ 2

1.2 Overall Structure of the Book . . . . ... . ... .. ... o o L 2

1.3 HowtoReadThisBook . .. ... . .. ..t 3

1.4  Some Remarks About Programming Style . . . . . . ... ... ........... 3

1.5 TheStandardversusReality . . . . . .. . .. ... .. ... o 5

1.6 Example Code and Additional Informations . . . . . . ... ... .. ... .. ... 5

1.7 Feedback . . . . . . o o o e e 5
Part I: The Basics 7
2 Function Templates 9
2.1 A First Look at Function Templates . . . . ... ... ... ... ... ....... 9
2.1.1 Definingthe Template . . . . . .. ... .. ... L 9

2.12 Usingthe Template . . . . . .. ... ..o 10

2.2 ArgumentDeduction . . . . .. ... ..o 12

23 Template Parameters . . . . . . .. .00 e e 13
2.4 Overloading Function Templates . . . . .. ... ... ... ... .......... 15

25 SUMINATY .« . v v v v e e e e e e e e e e e e e 19

3 Class Templates 21
3.1 Implementation of Class Template Stack . . . . .. ... ... .. .. ...... 21

3.1.1 Declaration of Class Templates . . . . . . . ... ... ... ........ 22



3.1.2 Implementation of Member Functions . . . ... ... ... ........
32 UseofClassTemplate Stack . . . . .. .. ... o i i
3.3 Specializations of Class Templates . . . . . ... ... .. ... .. ........
3.4  Partial Specialization . . . . .. ... ... L e
3.5 Default Template Arguments . . . . . . . . .. . ... e
36 SUMMATY . . . . . o vttt e e e e e e e e e e e e e e
Nontype Template Parameters
4.1 Nontype Class Template Parameters . . . . . ... . ... ... ... ... .....
4.2  Nontype Function Template Parameters . . . . . .. ... ... ... .. ......
4.3 Restrictions for Nontype Template Parameters . . . . . .. ... ... ... ....
44 SUMIMATY . . . .+« o o i et e e e e e e e e e e e e e e e
Tricky Basics
5.1 Keywordtypename . . . . .. .. .. ... ... e
52 Using this=> . . . . . . . . e e e e e e e e
53 MemberTemplates . . . . . . . . .. e
54 Template Template Parameters . . . . . . . .. .. ... ... ... ...
5.5 Zerolnitialization . . . . . . . ... ... e e
5.6  Using String Literals as Arguments for Function Templates . . .. ... ... ...
57 SUMMALY . . . . . o o it e e e e e e e e e e e e e e
Using Templates in Practice
6.1 ThelnclusionModel . . . . .. ... ... ... ... e
6.1.1 LinkerErrors . . . . . . . . .. ..
6.1.2 TemplatesinHeaderFiles. . . . . ... ... ... .. ... ........
6.2 ExplicitInstantiation . . . . . . . . .. ... e
6.2.1 Example of Explicit Instantiation . . . . .. ... ... ... ........
6.2.2 Combining the Inclusion Model and Explicit Instantiation . . . . . . .. ..
6.3 The SeparationModel . . . . . ... ... ... L L o o
6.3.1 TheKeywordexport . .. ... ... ... . ...
6.3.2 Limitations of the SeparationModel . . . . .. ... ... ... ......
6.3.3  Preparing for the SeparationModel . . . . . .. ... ... ... ... ...
64 Templatesandinline . . . . . .. . ... ... . e
6.5 PrecompiledHeaders. . . . . ... ... ... ... o
6.6 DebuggingTemplates . . . .. ... ... . . ... e

35
35
39
40
41

43
43
45
45
50
56
57
60



6.7
6.8

6.6.1 Decodingthe ErrorNovel . . . . ... ... ... ... ... ... ... ..

6.6.2 Shallow Instantiation . . . .. .. .. ... ... .. ...
663 LongSymbols. . ... ... .. ... ...
6.6.4  TIACEIS . . . o o o e i e e e e e e e e e e e e e e e e
6.6.5 Oracles . . . . . . . . e e e e e
6.6.6 Archetypes . . . . .. ... e e
Afternotes . . . . . . e e e e e e e e e
SUMMArY . . . . o o et e e e e e e e

7 Basic Template Terminology

7.1
7.2
7.3
7.4
7.5

“Class Template” or “Template Class”? . . . . . .. ... ... ... ......
Instantiation and Specialization . . . ... ... ... ... ... .. 0 ..
Declarations versus Definitions . . . . . . . . ... .. .. ... oL,
The One-DefinitionRule . . . . . . . .. ... . ... . ...

Template Arguments versus Template Parameters . . . . .. ... .. ... ... ..

Part II: Templates in Depth

8 Fundamentals in Depth

8.1

8.2

8.3

8.4

Parameterized Declarations . . . . . . . .. .. ... Lo oo
8.1.1 Virtual Member Functions . . . . .. . ... ... .............
8.1.2 Linkageof Templates . . . . . .. .. .. ... ..
8.1.3 Primary Templates . . . . . . .. ... .
Template Parameters . . . . . . . . . . o h e e
8.2.1 TypeParameters . . . . . . . . . .0t
822 NontypeParameters . . . . . .. . . .. vt
8.2.3 Template Template Parameters . . . . ... ... ... ... . .......
8.2.4 Default Template Arguments . . . . . . . . .. oot
Template Arguments . . . . . . . . v e e
8.3.1 Function Template Arguments . . . . . . ... .. . ...t
832 TYPe ATZUMENTS . . . o v v v v v e e e e e e e
833 Nontype ArgUmENtS . . . . . - v . o b b e
8.34 Template Template Arguments . . . . . ... .. ... ... ........
835 Equivalence . . . ... .. .. ...
Friends . . . . . . . e e e e

8.4.1 Friend FUnctons . . . . v v v v i i e e e e e e e e e e e e e e e e e e

87
87
88
89
90
90



842 Friend Templates . . . . . .. .. . ... i 117

8.5 AFEINOES . . . . . . . e e e e e e e e e e e e e e 117
9 Names in Templates 119
9.1 NameTAXONOMY . . .« « v v vttt vttt e i e e e e e e e et e e 119
02 LookingUpNames. . . . . . ... ..ttt e 121
9.2.1 Argument-DependentLookup . .. ..................... 123

922 Friend NamelInjection . .. .... ... ... ... .. ... ...... 125

923 InjectedClassNames . . . . . . . ... . . it nonn 126

93  PasingTemplates . . . . ... .. .. e 127
9.3.1 Context Sensitivity in Nontemplates . . . . .. ... ... ......... 127

932 DependentNamesof Types . . . . ... ... ... ... ...... 130

9.3.3 Dependent Names of Templates . . . ... .. ... ............ 132

9.3.4 Dependent Names in Using-Declarations . . . . . ... ... ... ..... 133

9.3.5 ADL and Explicit Template Arguments . . . . ... .. .......... 135

9.4 Derivationand Class Templates . . . . . ... ... .. ... .. ... ... 135
9.4.1 NondependentBaseClasses . ... ..................... 135

94.2 DependentBaseClasses . ... ... ... . ... 136

9.5 Afternofes . . . . . . . .. e e e e 139
10 Instantiation 141
10.1 On-Demand Instantiation . . . . . . . . . . ... it 141
102 LazylInstantiation . . . . . . . . . . . o ittt ittt e e 143
10.3 The C++ Instantiation Model . . . . . . .. ... ... ... .. ... ... 146
103.1 Two-PhaseLookup . ... ... .. . . ... .. 146

10.3.2 Pointsof Instantiation . . . . . . . . .. ... .. ..o 146

10.3.3 The Inclusion and SeparationModels. . . . . .. ... ... .. ... ... 149

10.3.4 Looking Across Translation Units . . . . . . ... ... .......... 150

1035 Examples . . . . . ... e 151

104 Implementation Schemes. . . . . . ... ... ... .. ... 153
10.4.1 Greedy Instantiation . . . . . . .. ... .. .. oo 155

104.2 QueriedInstantiation . . . . . . . . .. . ...t 156

10.4.3 Iterated Instantiation . . . ... ... ... ... .. ... ... ... 157

10.5 ExplicitInstantiation . . . . . . . . .. . . ... e 159
10.6 AFEINOIES . . . v v v v e e e e e e e e e e e e e e e e e e e e 163



11 Template Argument Deduction 167

11.1 TheDeductionProcess . . . . . . . . . . . . i i i i it it i 167
11.2 Deduced Contexts . . . . . . . . . . . i i i i ittt it e 169
11.3 Special Deduction Situations . . . . . . . . . . . . o e 171
11.4 Allowable Argument Conversions . . . . . . . . . . . . . oottt 172
11.5 Class Template Parameters . . . . . . . . . . . . oo i v i it it e e 173
11.6 Default Call Arguments . . . . . . . . . . vttt i e e 173
11.7 The Barton-Nackman Trick . . . . . ... ... ... .. ... . .. ... 174
11.8 AfLEIMOLES . . . . i v v i e e e e e e e e e e e e e e e e e 177
12 Specialization and Overloading 179
12.1 When “Generic Code” Doesn’t Quite Cut It . . . . . . . . .. ... ... ... ... 179
12.1.1 Transparent Customization . . . . . .. .. .. .. .. ..., 180
12.1.2 Semantic TranSparency . . . . . . . v o v v v v vt e e e 181

12.2 Overloading Function Templates . . . . . . .. .. ... ... ... ... ..... 183
1221 Signatures . . . . . . ... e e e e e 184
12.2.2 Partial Ordering of Overloaded Function Templates . . . . ... ... ... 186
12.2.3 Formal OrderingRules . . . ... .. ... ... ... ... ....... 188
12.2.4 Templates and Nontemplates . . . . . . .. .. ... .. 189

12.3 Explicit Specialization . . . . . . . . . ... . e 190
12.3.1 Full Class Template Specialization . . . .. . ... ... .. ... ..... 190
12.3.2 Full Function Template Specialization . . . ... ... ... ... ... .. 194

12.3.3 Full Member Specialization . . . . . .. .. .. ... ... ... ..., 197

12.4 Partial Class Template Specialization . . . ... ... ... .. .... ... .... 200
125 AftBIMOES . . . v v v e e e e e e e e e e e e e e e e e e 203
13 Future Directions 205
13.1 The Angle BracketHack . . . . ... ... ... ... ... .. . . L. 205
13.2 Relaxed typename Rules . .. ... ... ... ... ... ... ... 206
13.3 Default Function Template Arguments . . . . ... .. .. ... ... ...... 207
13.4 String Literal and Floating-Point Template Arguments . . . . . ... ... ... .. 209
13.5 Relaxed Matching of Template Template Parameters . . . . .. ... ... .. ... 211
13.6 Typedef Templates . . . . . .. . .. .. i 212
13.7 Partial Specialization of Function Templates . . . . ... ... ... ... ..... 213

13.8 The typeof OPErator . . . . . . o v v i v v v i i et e e e e 215



13.9 Named Template ArgUments . . . . . . . o v vttt ittt e e e 216

13.10 Static Properties . . . . . . . . . .. e e e e 218
13.11 Custom Instantiation Diagnostics . . . . . . . . . . .. ... .. 218
13.12 Overloaded Class Templates . . . . . . . .. . ... it 221
I3 13 List Parameters . . . . . . v v v vt e e e e e e e e e e e e e e e 222
13.14 Layout Control . . . . . . . . . . e e 224
13.15 Initializer Deduction . . . . . . . . . . . . L e 225
13.16 Function EXpressions . . . . . . . . . o v ittt e e 226
13.17 Afternotes . . . . o v v v e e e e e e e e e e e e e e e e e e e e 228
Part I1I: Templates and Design 229
14 The Polymorphic Power of Templates 231
14.1 Dynamic Polymorphism . . . ... .. .. ... ... ... ... . .. 231
14.2 Static PolymorphisSm . . . . . . . . . . .. e e e 234
14.3 Dynamic versus Static Polymorphism . . . . . . . ... .. ... ... L. 238
144 NewFormsofDesignPatterns . . . . . . . . ... . ... .. ... 239
14.5 Generic Programming . . . ... ... ... [ R 240
146 AFEIMOIES . . . . v v v e e e et e e e e e e e e e e e e e e e e e 243

15 Traits and Policy Classes 245
15.1 AnExample: Accumulatinga Sequence . . . . . . . . .. ... 0. 245
15.1.1 FixedTraits . . . . . . . . i i it i e e e e e 246

1512 ValueTraits . . . . . . . . o oo i ittt 250

15.1.3 Parameterized Traits . . . . . . . . . . . . .. e 254

15.1.4 PoliciesandPolicyClasses . . . . ... ... ... ... ... ... .. 255

15.1.5 Traits and Policies: What’s the Difference? . . . . . ... .. ... ... .. 258

15.1.6 Member Templates versus Template Template Parameters . . . . . . . . .. 259

15.1.7 Combining Multiple Policies and/or Traits . . . . . ... .. .. ... ... 261

15.1.8 Accumulation with General Iterators . . . . . ... ... ... .. ..... 262

152 TypeFunctions . . . . . . . . . ot it e e 263
15.2.1 Determining Element Types . . . .. . ... ... ... ... ....... 264

1522 DeterminingClassTypes . . . . . . . . . oo i i i i i o 266

1523 Referencesand Qualifiers . . . . . . .. ... .. ... . o . 268

1524 Promotion Traits . . . . v v v v i e e e e e e e e e e e e e e 271



153 Policy Traits . . . . . . o v vt e e e e e e e e e e 275
15.3.1 Read-only Parameter Types . . . . . . ... ... ... . ... ... . ... 276
15.3.2 Copying, Swapping,andMoving . . . . . . . .. ... ... ... 279

154 Afternotes . . . . . . . L . e e e e e e e e e e e 284

16 Templates and Inheritance 285

16.1 Named Template Arguments . . . . . . . . . . . vttt 285

16.2 The Empty Base Class Optimization (EBCO) . . . . ... ... ... .. ...... 289
16.2.1 LayoutPrinciples . . . . . . . ... . e 290
16.2.2 MembersasBaseClasses . . . . . . . ... .. ... oL 293

16.3 The Curiously Recurring Template Pattern (CRTP) . . . . . .. ... .. ...... 295

16.4 Parameterized Virtuality . . . . . . . . .. e oo oo 298

16.5 AFternotes . . . . . . i i e e e e e 299

17 Metaprograms 301

17.1 AFirst Example of a Metaprogram . . . . . . ... .. .. ... L. 301

17.2 Enumeration Values versus StaticConstants . . . . . . . .. .. ... ... ..... 303

17.3 A Second Example: Computing the SquareRoot . . . . .. .. ... .. ...... 305

17.4 Using Induction Variables . . . . ... ... ... ... ... ... ..., 309

17.5 Computational Completeness . . . . . . . . . ... oo o 312

17.6 Recursive Instantiation versus Recursive Template Arguments . . . . . .. ... .. 313

17.7 Using Metaprograms to UnroliLoops . . . . .. ... ................34

17.8 AfErNOES . . . . . o o o i i e e e e e e e e e e e e e e 318

18 Expression Templates 321

18.1 Temporaries and SplitLoops . . . . . ... .. ... ... ... ... 322

18.2 Encoding Expressions in Template Arguments . . . . ... ... .......... 328
18.2.1 Operands of the Expression Templates . . . ... ... ...........328
1822 TheArrayType. . . . . . . . oo o i v i i i e e 332
1823 TheOperators . . . . . . o v v v vt vt et e e 334
1824 RevIEW . . . v v i it e e e e e e e e 336
18.2.5 Expression Templates Assignments . . . . . ... ... ...........338

18.3 Performance and Limitations of Expression Templates . . . . .. ... . ... ... 340

184 Afternotes . . . . v v i i i i e e e e e e e e 341



Part IV: Advanced Applications 345

19 Type Classification 347
19.1 Determining Fundamental Types. . . . . . . . . . .. ... .. ... ..., 347
19.2 Determining Compound Types . . . . . . . . o o v it i i e 350
19.3 Identifying Function Types . . . . . . . . . . 0ttt 352
19.4 Enumeration Classification with Overload Resolution . . .. . ... ... ... .. 356
19.5 DeterminingClass Types . . . . . . . . .« o o i v i i i i 359
19.6 Puttinglt All Together . . . . . . . . . . . ... 359
19.7 Afernotes . . . . . v v i i e e e e e e e e e e e e e e e 363

20 Smart Pointers 365
20.1 HoldersandTrules . . . . . . . . . . . o i i it i et e e 365

20.1.1 Protecting Against Exceptions . . . . . . .. ... ... .. .. . ... .. 366
20.1.2 Holders . . . . . . . i i e e e e e 368
20.1.3 HoldersasMembers . . . ... . . . .. . e 370
20.1.4 Resource Acquisition Is Initialization. . . . . . .. ... ... ....... 373
20.1.5 Holder Limitations . . . . . . . . . . . . v vt v v it i 373
20.1.6 CopyingHolders . ... .. ... .. ... ... ... 375
20.1.7 Copying Holders Across FunctionCalls . . . .. .............. 375
20.1.8 Trules . . . . v i i et e e e e e e e e e e e e e e 376
20.2 Reference Counting . . . . . . . . . . o ot i i it e e 379
20.2.1 Wherelsthe Counter? . .. .. .. ... . i 380
20.2.2 Concurrent Counter ACCESS . . . v v« v v v o v v v e e e e 381
20.2.3 Destruction and Deallocation . . . . . . . . . .. ... ... ... ... .. 382
20.2.4 The CountingPtr Template . . . . . ... .. .. ... ... ....... 383
20.2.5 A Simple NoninvasiveCounter . . . . . .. . . ... ... ... ... .. 386
20.2.6 A Simple Invasive Counter Template . . . . . . ... ............ 388
2027 CONSLIESS . v v v v v v v e e e e e e e e e e e e e e 390
20.2.8 TImplicit Conversions . . . . . . .. ... i it s 390
20.2.9 COompariSONS . . . .« o v v v v v e e e e e e e 393
203 AFEIDOES . . . . o i i e e e e e e e e e e e e e e e e e e e 394

21 Taples 395
210 DHOS . . . . e e e e e e e e e e e e e e e 395
21.2 Recursive DUOS . . . . . . . . . e e e e e e 401

21.2.1

Numberof Fields . . . . . . . . v i v i i i i e e e e e e e e e e e e 401



22

2122 TypeofFields . . . . . . ... ... . . . 403

2123 ValueofFields . .. .......... ... ... ... ... .. ... 404
213 Tuple Construction . . . . . . . . . . oo i e 410
214 Afternotes . . . . . o i i e e e e e e e e e e e e e e e 415
Function Objects and Callbacks 417
22.1 Direct, Indirect,and Inline Calls . . . . . . . . . . . . ... . ... 418
22.2 Pointers and ReferencestoFunctions . . . . . ... .... ... ... ... ..., 421
22.3 Pointer-to-Member Functions . . . . . . ... .. Lo 423
224 ClassTypeFunctors . . . . .. . . . .. i i e 426
22.4.1 A First Example of Class Type Functors . . . . .. ... ... ... .. .. 426
2242 TypeofClassTypeFunctors . . . .. .. .... ... ........... 428
22,5 Specifying Functors . . . . . . . ... Lo 429
22.5.1 Functors as Template Type Arguments . . . . ... ... ... ....... 429
22.5.2 Functors as Function Call Arguments . . . . . .. ... ... ... ..... 430
22.5.3 Combining Function Call Parameters and Template Type Parameters . . . . 431
22.5.4 Functors as Nontype Template Arguments . . . . . .. ... ... ..... 432
22.5.5 Function Pointer Encapsulation . . . . . .. ... ... ... ... ..., 433
22,6 INtrospection . . . . . . o v v vttt e e e e e 436
22.6.1 AnalyzingaFunctorType. . . . . ... .. ... ... ... ... .. .. 436
22.6.2 Accessing Parameter Types . . . . . . . . . . . oo 437
22.6.3 Encapsulating Function Pointers . . . . . . ... ... ... ... . ..., 439
22.7 Function Object Composition . . . . . .. . ... ... i 445
22.7.1 Simple Composition . . . . ... ... ... 446
22.7.2 Mixed Type Composition . . . . . . ... .. ... 450
22.7.3 Reducing the Number of Parameters . . . . . ... ... .. ........ 454
22.8 ValueBinders. . . . . . . .. L 457
22.8.1 SelectingtheBinding . . . . ... ... ... ... oL oL 458
22.82 BoundSignature . .. ... ... ... e 460
22.83 ArgumentSelection . . . .. ... ... L L L o 462
22.84 Convenience Functions . . . . . . ... ... . ... oL 468
22.9 Functor Operations: A Complete Implementation . . . . .. ... ... ....... 471

2210 Afternotes . . . . . v e e e e e e e e e e e e e e e e e e e e e e e 474



Appendixes 475

A The One-Definition Rule 475
Al Translation Units . . . . . . . . . . . .. e e e 475
A.2 Declarations and Definitions . . . . . . ... ... .. ... ... ... 476
A.3 The One-DefinitionRuleinDetail . . . . .. ... ... ... ............ 477

A3.1 One-per-ProgramConstraints . . . . . . . . . .. ... ... ........ 477
A3.2 One-per-Translation Unit Constraints . . . . . . .. ... .. ........ 479
A3.3 Cross-Translation Unit Equivalence Constraints . . . . . .. ... ..... 481

B Overload Resolution 487
B.1 When Does Overload Resolution KickIn? . . ... ... .............. 488
B.2 Simplified Overload Resolution . . . . . .. ... ... ... ............ 488

B.2.1 The Implied Argument for Member Functions . . . . . ... ........ 490
B.2.2 Refiningthe PerfectMatch . . . ... ... ... .............. 492
B.3 OverloadingDetails . . . . . . . . ... ... ... e 493
B3.1 PreferNontemplates. . . . . .. . ... ... ... ... ... 493
B.3.2 ConversionSequences . . . . . ... .. ... 494
B.3.3 PointerConversions . . . . . .. . ... L. e 494
B.3.4 Functors and Surrogate Functions . . . . . . ... ... ... ....... 496
B.3.5 Other Overloading Contexts . . . ... ... ................ 497

Bibliography 499
Newsgroups . . . . . . . . e e e e e 499
Booksand Web Sites . . . . . . . . e e 500

Glossary 507

Index 517



