The D Programming Language

Andrei Alexandrescu

vv Addison-Wesley

Upper Saddle River, NJ ¢ Boston ¢ Indianapolis ¢ San Francisco
New York » Toronto » Montreal « London « Munich « Paris « Madrid

Capetown e Sydney « Tokyo ¢ Singapore » Mexico City



Contents

Foreword by Walter Bright xv
Foreword by Scott Meyers xix
Preface xxiii
Intended Audience . . . . .. ... ... .. xxiv
OrganizationoftheBook . . ... .. ... ... .. .. ... ... ..., Xxiv
ABriefHistory. . . . . . . . . L e e XXV
Acknowledgments . . ... .. ... .. ... xXxvi

1 “D"ivingIn 1
1.1 Numbersand Expressions. . . .. ... .. ..... ... ... ..... 3

1.2 Statements . . . . . . ottt e e e e e 5

1.3 FunctionBasics . . . . ... ... .. .. e 6

1.4 Arraysand Associative Arrays . . . . .. ... ... o L 7
1.4.1 BuildingaVocabulary ......................... 7

1.4.2  Array Slicing. Type-Generic Functions. Unit Tests . . . . .. . .. 10

1.4.3 Counting Frequencies. Lambda Functions . . . ... ....... 12

1.5 BasicDataStructures ... .......... ... ... .. 14

1.6 InterfacesandClasses . . ... .. .. ... .. ... ... ... .. ... 20
1.6.1 More Statistics. Inheritance . . ... ................. 23

1.7 ValuesversusReferences ... ......................... 25

1.8 SUmMMALY . . . . . .o e 27

2 Basic Types. Expressions 29
21 Symbols ... ... .. 30
211 SpecialSymbols . . .. ... ... . oo 31

22 Literals . .. . . .. .. e 32
221 BooleanlLiterals . ... .............. ... . ....... 32

222 Integralliterals ... .......... ... .. ... ... .... 32

2.2.3 Floating-Point Literals . . ... ... ... .. ........... 33

224 Characterliterals . . ... ... ... .. ... .. ... .. ... 34

225 StringLiterals .. ...... ... .. .. ... . .. . ... 35



Contents

2.2.6 Array and Associative Array Literals . ... ............. 39
227 Functionliterals . ........... ... ... ... .. ... 40
23 OPErators . . . . . i it e 42
23.1 LvaluesandRvalues ............. ... ... ..., 42
2.3.2 Implicit Numeric Conversions . . ... ............... 42
2.3.3 Typingof NumericOperators . . ... ................ 45
2.3.4 PrimaryExpressions . ... ... ... .. ... 0 46
23.5 PostfixExpressions . .. ........ ... ... o 49
236 UnaryExpressions ............. .. ... 0. 51
2.3.7 ThePowerExpression . ........................ 54
2.3.8 Multiplicative Expressions . . . . ... .. ....... ... ... 54
2.3.9 AdditiveExpressions . ... .. ... ... . oo 55
2.3.10 ShiftExpressions . ........... ... .. ... ... 55
23.11 inExpressions . . .. . ... ... o e 56
2.3.12 Comparison Operators . . . . . . . . v v v v v v v v v v e 56
2.3.13 Bitwise OR,XOR,AND . .. .. . ... ... i 58
23.14 Logical AND . ... .. ... e 59
2315 LogicalOR . . . .o v ittt it e 59
2.3.16 The ConditionalOperator . . . ... .. ............... 59
2.3.17 AssignmentOperators . .. .. .. ... ...t 60
2.3.18 TheCommaOperator ... ........... ..ot 60
24  Summary and QuickReference . . . . . ... .. ... ... .. 0. 61
Statements 65
3.1 TheExpressionStatement. . . . ... .. ... ..t v v 65
3.2 TheCompound Statement . . ............ ... v 66
33 TheifStatement . .. ... .. ... ... . ... 67
3.4 ThestaticifStatement . .. ... .. ... ... ...uuuenenennn 68
3.5 TheswitchStatement . . ... ... .. .. ... ... .oeteeneen 71
3.6 ThefinalswitchStatement . ... ...................... 72
3.7 LoopingStatements . . . . .. .. ... .t ittt 73
3.71 ThewhileStatement . . .. ... ... ... ... 73
3.72 Thedo-whileStatement .. ... ................... 73
3.73 TheforStatement ... ... ...... ... 74
3.74 The foreachStatement ........................ 74
375 foreaChomAIIayS. . . . . . . vt ittt it e e 75
3.76 The continueand breakStatements . . . . .. ... ... ..... 78
3.8 ThegotoStatement . . .. ... .. ... ... uiunuuneneeenn 78
3.9 ThewithStatement . ... .. ... ... ... ..., 80
310 ThereturnStatement . . . ... ... ... .. 81
311 Thethrowand tryStatements . . .. ... ... ... ... ... 81
3.12 ThemixinStatement. . . . .. . .. . i ittt e 82



Contents vii

3.13 ThescopeStatement. . . . . . ... .. ...t uv e 84
3.14 ThesynchronizedStatement. . . ... ... ... ..., 88
3.15 TheasmStatement . . ... .. ... .. ... 89
3.16 Summary and QuickReference. . . ... ... ......... ... ... 89
4 Arrays, Associative Arrays, and Strings 93
41 DynamiCAITAYS . . . . v v v v v vt e et et e e 93
411 Length ...... ... ... ... e 95

412 BoundsChecking . .......... .. ... 95

413 Sheing . .. .. .. i e 97

414 COpYINE . . . v v it e e e 98

415 ComparingforEquality ........................ 100

416 Concatenating . . . . ... ... .. 100

4.1.7 Array-wiseExpressions . . . . ... ... . o oo 100

418 Shrinking . . ... ... ... .. .. . e 102

419 Expanding . ... ... .. .. 103

4.1.10 Assigningto.length . .. .. ... ... .. ............. 106

4.2  Fixed-SIZE€ATTAYS . . . . . o v v it e 107
421 Length . ... ... . . e 108

422 BoundsChecking . ........ ... ... .. ... 108

423 Slicing. . ... ... . e 109

42.4 Copying and Implicit Conversion . . . . . ... ........... 109

425 ComparingforEquality ........................ 110

426 Concatenating . . . .. .. .. ... 111

427 Array-wiseOperations .. .. ... ... ... ... ... 111

43 Multidimensional Arrays . . . .. ... ... 111
4.4 ASSOCIAtiVE AITAYS . . . . . o v vt it it et e e e e 114
441 Length ... ... ... ... . .. 114

44.2 Readingand WritingSlots . . ... .................. 115

443 COPYING . . . o o v it e e 115

444 ComparingforEquality ........................ 116

445 RemovingElements. ... .............. ... ..... 116

446 Tterating . . . .. . . . e 116

4.4.7 User-Defined TypesasKeys . . .. ....... ... ... ..... 117

45  SHINES . . oo e e e e 118
451 CodePoints . .. .. ... ... 118

452 Encodings ......... .. ... e 119

453 Character TYpes . . . . .. . . i i i e 120

4.5.4 Arrays of Characters + Benefits=Strings . . . . .. ... ...... 121

4.6  Arrays Maverick Cousin: ThePointer . . . . ... .............. 124

4.7 Summary and Quick Reference . . . . . .. ... ... . 0oL 126



Contents

viii
5 Data and Functions. Functional Style 131
5.1  Writing and unittestingaSimple Function . . . ... ...... ... .. 131
5.2  Passing Conventions and Storage Classes . . . . .. ............. 134
52.1 refParametersandReturns . . . ... ... .. ... .. ... ... 135
52.2 inParameters . . . . . . . . . it e e e e 135
523 outParameters ... ... .. ... ... e 136
524 staticData ... ... .. ... e 137
53 TypeParameters .. ... ... ... ... .. o 138
54  SignatureConstraints . .. ... .. ... . e 140
55 Overloading . . .. ... ... ... e 142
5.5.1 Partial Orderingof Functions . . . . ... .............. 144
5.5.2 Cross-Module Overloading . . . ... ................ 146
5.6  Higher-Order Functions. Function Literals . . . . . ... ... ... .... 148
5.6.1 Function Literals versus Delegate Literals . . . . . ... ...... 150
57 NestedFunctions . . . . . . . ... . . o i it v v ie e 150
58  ClOSUIES . . . . . it et e e e e e e 152
5.8.1 OK, This Works. Wait, It Shouldn’t. Oh, ItDoes!. . . . . .. .. .. 154
5.9 Beyond Arrays. Ranges. PseudoMembers . . ... ............. 154
59.1 Pseudo Members and the @property Attribute . . . . . ... ... 156
59.2 reduce—JustNotadAbsurdum . . .. ... ... ... ....... 157
5.10 VariadicFunctions . .. .. ... ... ... i i 159
5.10.1 Homogeneous Variadic Functions . . . ... ............ 159
5.10.2 Heterogeneous VariadicFunctions . . . . ... ........... 160
511 FunctionAttributes . . .. . ... ... .o e 165
511.1 PureFunctions .............. . .. .. ... ... 165
5.11.2 ThenothrowFunction Attribute . .. .. .. .. .......... 168
5.12 Compile-Time Evaluation . . . .. . ... ... ... ... ... 169
6 Classes. Object-Oriented Style 175
6.1  Classes . . . ... e 175
6.2 Object NamesAreReferences. . . . ... .. ... ... ... ..., 177
6.3 ItsanObject'sLife ... ... ... .. . .. .. 181
6.3.1 ConStruCtors . . . . . . . v v v i vt ettt e e 181
6.3.2 Forwarding Constructors . ... ..... ... ....c.co... 183
6.3.3 ConstructionSequence . ........ ... ... 184
6.3.4 Destruction and Deallocation . . . .. ................ 186
6.3.5 Tear-DownSequence . .............. ... .. ... 187
6.3.6  Static Constructors and Destructors . . . . ... .. .. ... ... 188
6.4 MethodsandInheritance . ... ................. .. ..... 190
6.4.1 ATerminological Smorgésbord . . .. ... ... ... ....... 191
6.4.2 Inheritance Is Subtyping. Static and DynamicType . . . . .. .. 192

6.43 OverridingIsOnlyVoluntary .. ................... 193



Contents ix
6.4.4 Calling OverriddenMethods .. ................... 194

6.4.5 CovariantReturnTypes .. ...................... 195

6.5  Class-Level Encapsulation with staticMembers . . . .. ... ...... 196
6.6  Curbing Extensibility with finalMethods . . .. ... ........... 197
6.6.1 finalClasses . .. . ... .. .. i 199

6.7 Encapsulation............... ... . ... .. e, 199
6.7.1 private. . . ... e e 200

6.7.2 package. . .. .. .. ... e, 200

6.73 protected ... ... ... ... e 200

6.74 public .. ... ... . ... 201

6.7.5 export ... e e 201

6.76 HowMuchEncapsulation? . ..................... 201

6.8 OneRoottoRuleThemAll ........................... 203
6.8.1 string toString() .......... ... ... .. ... 205

6.8.2 size_t toHash() ........... ... .. ... .. ...... 205

6.8.3 bool opEquals{(Object rhs) . ... ... .. ... . ........ 205

6.8.4 int opCmp(Object rhs) .. .. ... ... .. ... ... ...... 209

6.8.5 static Object factory(string className)........... 210

6.9 Interfaces . . ... ... . ... e e e 212
6.9.1 The Non-Virtual Interface (NVI) Idiom . .............. 213

6.9.2 protectedPrimitives . . . ... ... ... ... ... ... ... .. 216

6.9.3 Selective Implementation . . ..................... 217

6.10 AbstractClasses. . . ... .. .. ... 218
6.11 NestedClasses . . ... ... .. ... . 222
6.11.1 Classes NestedinFunctions . . . .. ................. 223

6.11.2 staticNestedClasses . .. ...................... 225

6.11.3 AnonymousClasses. . . .. ... ... ... ..., 226

6.12 Multiple Inheritance . . . . .. ... ... .. 226
6.13 MultipleSubtyping . . . ... ... ... L 230
6.13.1 Overriding Methods in Multiple Subtyping Scenarios . . . . . . . 231

6.14 Parameterized Classes and Interfaces . . . . . ... ............. 233
6.14.1 Heterogeneous Translation, Again . ... .............. 235

6.15 SUMIMALY . . . . . .. .t it e 237
7 Other User-Defined Types 239
7.1 structs . . .. L e e e 240
7.1.1 CopySemantics . . ... ... ... ... ... ... . ..., 241

7.1.2 Passing struct ObjectstoFunctions . . . . .. ........... 242

7.1.3 LifeCycleofastructObject . ... ................. 243

7.1.4  Static Constructors and Destructors . . . .. .. ... ....... 254

715 Methods . .. ... .. . e 255

7.1.6 staticMembers ... ... . ... . ... ... 260



Contents

7.1.7 AccessSpecifiers ... ... ... . o e 261

7.1.8 Nestingstructsandclasses . .. ... ............... 261

7.1.9 Nesting structsinside Functions . ................. 262

7.1.10 Subtyping with structs. The @disable Attribute . ... ... .. 263

7.1.11 Field Layout. Alignment . . .. .. .................. 266
7.2 UNIONS .. e e e 270
7.3 EnumeratedValues. ... ... .. ... ... .. . ... . e 272

7.3.1 EnumeratedTypes .. ... ...... ... ... .. ... 274

7.3.2 enumProperties . ... ... ... . ... ... e 275
T4 alias . . o e e e e 276
7.5  Parameterized Scopes with template . . .. ... ... ... .. .. .... 278

7.5.1 Eponymoustemplates. .. ...................... 281
7.6 Injecting Code withmixintemplates . .. ... .. ............. 282

7.6.1 Symbol Lookup insideamixin . ... ... ... ... ... .... 284
7.7 SummaryandReference .............. ... ... .. .. .. .. 285
Type Qualifiers 287
8.1 TheimmutableQualifier. ... ........ ... ... ... .. ........ 288

811 TranSitivity . . . . . . . . . e e 289
8.2 Composingwithimmutable. .. . ... ... .. ... ... ....... 291
8.3 immutable ParametersandMethods ... ... ... ... ... .... L. 292
8.4 immutable CONSIIUCIOTS . . . . . . . . . . i i ittt et r e e e 293
8.5 Conversions involving immutable . ... ... .. .... ... ....... 295
86 TheconstQualifier ............. .. ... . ... . ... . . ... 297
8.7 Interaction between constand immutable . . ... ... .......... 298
8.8  Propagating a Qualifier from ParametertoResult . . . . . ... ...... 299
89  SUMINAIY . . . . .. e e e e 300
Error Handling 301
9.1 throwingandcatching .......... ... ... ... ... . ... ... 301
92  TYPeS . . L e e e e e e e 302
93 finallyclauses. .. ... ... .. .. .. . e 306
9.4  nothrow Functions and the Special Nature of Throwable. . . .. ... .. 307
9.5 Collateral Exceptions. . . . . .. .. .. ... . . i 307
9.6  Stack Unwinding and Exception-Safe Code . ................ 309
9.7 UncaughtExceptions . .. ............ ... .. .. . .. ..... 312
Contract Programming 313
101 Contracts . . . . . .. . e e e e 314
10.2 ASSETHiONS . . . . . v it e e e e e 316
103 Preconditions . . . ... ... ... e 317



Contents xi
105 Invariants . . . . . . . v i i i it e e i e e e e e e e e e 321
10.6 Skipping Contract Checks. ReleaseBuilds . . .. .............. 324

10.6.1 enforcelsNot(Quite)assert .................... 325
10.6.2 assert(false) . ... ... ... i i eenn.. 326
10.7 Contracts: Not for ScrubbingInput . . . ................... 327
10.8 Contracts and Inheritance . .. ... .. ... ... . ... ... 329
10.8.1 InheritanceandinContracts . ... ... ... ... .. ...... 330
10.8.2 Inheritanceandout Contracts . ... .. .............. 332
10.8.3 Inheritance and invariantContracts . . ... ........... 334
109 ContractsinInterfaces. . . . ... ... ... .. ... .. . ... .. 334
11 Scaling Up 337
11.1 PackagesandModules. . . . ... ... ... ... . ... . . 337
11.1.1 importDeclarations .. ........................ 338
11.1.2 Module SearchingRoots . . . .. ... ................ 340
11.1.3 NameLookup .. ...... ... ... ... ... ... ... ... 341
11.1.4 publicimportDeclarations . ... .................. 344
11.1.5 staticimportDeclarations...................... 345
11.1.6 Selectiveimports . ... ... ... ... ... .. .. . .. ... 346
11.1.7 Renaminginimports. .. ... ............. .. ..... 347
11.1.8 ThemoduleDeclaration ... ..................... 348
11.1.9 ModuleSummaries . . . . . . . . . i it e 349
112 Safety . . ... . o e 353
11.2.1 Defined and Undefined Behavior . . . . ... ... ......... 354
11.2.2 The @safe, @trusted, and @systemAttributes ... ... ... .. 355
11.3 Module Constructors and Destructors . . . ... ... ........... 356
11.3.1 Execution Order withinaModule. . . .. ... ... ... ..... 357
11.3.2 Execution OrderacrossModules . . ... ... ........... 358
11.4 DocumentationComments . . . . . . . . ... i ottt 358
11.5 InterfacingwithCandC++ . . . ... ... . ... .. ... . ... ..., 359
11.6 deprecated . ... .. ... . . e 359
11.7 versionDeclarations ... ... ... ... ... 360
11.8 debugDeclarations . . . . ... ... .. .. ... .. 361
119 D'sStandardLibrary . .. ... . .... ... ... ... .. . . . ... 361

12 Operator Overloading 365
12.1 Overloading Operators . . . . . . . .. oo i it i i iy 366
12.2 Overloading Unary Operators . . . . .. ... .. .. ... . 367

12.2.1 Using mixin to Consolidate Operator Definitions . .. ... ... 368
12.2.2 Postincrement and Postdecrement . . . . ... .. ......... 369
12.2.3 OverloadingthecastOperator . . . .. ... ............ 369
12.2.4 Overloading Ternary Operator Testsand if Tests .. ... .. .. 370



xii Contents
12.3 Overloading BinaryOperators . . . . ... .. .. ... 371
12.3.1 Operator Overloading? . . . ... ... v vt 373

12.3.2 Commutativity . . ... .. ..o i e 373

12.4 Overloading Comparison Operators . . . . .. ... .. .o 375
12.5 Overloading Assignment Operators . . .. .. .. ... ... ... ... 376
12.6 Overloading Indexing Operators . . . . .. .. ... oo v v v on - 377
12.7 Overloading SlicingOperators . . . ... ... ... ... 379
128 The$Operator . . . ... .ttt e e 379
12.9 Overloading foreach. . . . ... ... ... . 380
12.9.1 foreach with Iteration Primitives . . . . . . ... ... ... ... 380

129.2 foreachwithInternallteration . . .. .. .............. 381

12.10 Defining Overloaded OperatorsinClasses . . . .. ............. 383
12.11 And Now for Something Completely Different: opDispatch . . . ... .. 384
12.11.1 Dynamic Dispatch with opDispatch . . . . .. .. ... ... ... 386

12.12 Summary and QuickReference . . . . . .. ... .. oo oo 388
13 Concurrency 391
13.1 Concurrentgate . . . . . . v v v v v i i e e e e e e e 392
13.2 ABriefHistoryof DataSharing . . . .. ... .. ..... .. ........ 394
13.3 Look,Ma, No (Default)Sharing . . . . ... .................. 397
134 StartingaThread . .. .. ... .. ... ... . . 399
13.4.1 immutableSharing .............. ... .. .. ... ... 400

13.5 Exchanging Messages between Threads . .. ................ 401
13.6 Pattern Matchingwithreceive .. ........ ... ... .. .... 403
13.6.1 FirstMatch . . ... ... ... ... ... .. . . o . 405

13.6.2 MatchingAnyMessage . . . . .. ........ .. ... ... 405

13.7 File Copying—withaTwist . ... ... ..... ... ... ......... 406
13.8 Thread Termination . ... ... ... ... ... ... it 407
139 Out-of-Band Communication . ........................ 409
13.10 MailboxCrowding . . .. ... ... . .. ... 410
13.11 Theshared Type Qualifier. . . . ... .. ... .. ... ... ....... 411
13.11.1 The Plot Thickens: shared Is Transitive . ... ........... 412

13.12 Operations with shared Dataand TheirEffects . . . ... ... ...... 413
13.12.1 Sequential Consistency of sharedData . . ... .......... 414

13.13 Lock-Based Synchronization with synchronized classes . . . . . .. .. 414
13.14 Field Typingin synchronizedclasses . .. ... ... ... .. ...... 419
13.14.1 Temporary Protection==NoEscape . ... ............. 419
13.14.2 Local Protection == Tail Sharing . . . . ... ... .......... 420
13.14.3 Forcing Identical Mutexes . . . . .. ... .............. 422
13.14.4 The Unthinkable: casting Awayshared . . . . ... ... ... .. 423

13.15 Deadlocks and the synchronized Statement . . . . .. ... ... ... .. 424
13.16 Lock-Free Coding with sharedclasses . . . ... .............. 426



Contents Xiii
13.16.1 shared classes . . . . . . .. .ot ittt i 427

13.16.2 A Couple of Lock-Free Structures . . . . . .............. 427

1317 SUMMATY . . . o oot e e e et e e e e 431
Bibliography 433
Index 439



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10

