Contents

Preface to the Second Edition xxiii
Acknowledgments for the Second Edition Xxiv
Preface to the First Edition XXV
Acknowledgments for the First Edition XXVi
1 About This Book 1
1.1 WhyThisBook. . . . . . . . . .. 1

1.2 Before Reading This Book . . . . . . . . .. . ... .. ... . ... ... 2

1.3 Style and Structure of the Book . . . . . . .. ... .. oo 2

1.4 HowtoRead ThisBook . . . .. ... ... ... ... ... ... ........ 4

1.5 Stateofthe Art . . . . . . . . L 5

1.6  Example Code and Additional Information . . . . . .. ... ... ... ..... 5

1.7 Feedback . . . . . . . . . . e 5

2 Introduction to C++ and the Standard Library 7
2.1  History of the C++ Standards . . . . . ... ... ... .. ... ... ...... 7
2.1.1  Common Questions about the C++11 Standard . . . . . . . ... .. .. 8

2.1.2  Compatibility between C++98 and C++11 . . . . . . ... ... ... .. 9

2.2 Complexity and Big-O Notation . . . . . . ... ... ... ... ......... 10

3 New Language Features 13
3.1 New C++11 Language Features . . . . . . . ... ... .. ... .. ..... 13
3.1.1  Important Minor Syntax Cleanups . . . . . . ... ... ... ...... 13

3.1.2  Automatic Type Deduction withauto . . . . ... ... .. ... .... 14

3.1.3  Uniform Initialization and Initializer Lists . . . . . . . ... .. ... .. 15

3.1.4 Range-Based forLoops . . ... ... ... ... ... ... ... ... 17

3.1.5 Move Semantics and Rvalue References . . . . .. ... ... ...... 19

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



viii

Contents

3.1.6  New String Literals . . . . .. ... ... .........
3.1.7 Keywordnoexcept . . . . ... .. ... ... ..
3.1.8 Keyword constexpr . . . ... ... ... ... ...
3.1.9 New Template Features . . . . ... ... .........
3.1.10 Lambdas . . . . . ... ...
3.1.11 Keyworddecltype . . . . . ... ... ... .......
3.1.12 New Function Declaration Syntax . . . . ... .. .. ..
3.1.13 Scoped Enumerations . . . . . ... ... .. .......
3.1.14 New Fundamental Data Types . . . . .. ... ......
3.2 Old “New” Language Features . . . . . ... ... ... ......
3.2.1  Explicit Initialization for Fundamental Types . . . . . ..
3.2.2  Definition of main() . . . ... ... ...

4 General Concepts

4.1 Namespace std . . . . . . ... ..
42 HeaderFiles . . ... .. ... ... .. ...
4.3  Error and Exception Handling . . . . ... ... ... .......
4.3.1 Standard ExceptionClasses . . . . . . .. ... ......
4.3.2 Members of Exception Classes . . . . ... ... .....

4.3.3  Passing Exceptions with Class exception_ptr

4.3.4 Throwing Standard Exceptions . . . . . .. ... ... ..
4.3.5 Deriving from Standard Exception Classes . . . . . . . ..
4.4  Callable Objects . . . . . . . . . o it
4.5 Concurrency and Multithreading . . . . . . ... ... ... ....
4.6 Allocators . . . ...

5 Utilities

5.1 Pairsand Tuples . . . ... .. ... ... ...
ST Pairs . ..o
512 Tuples . . . ..
5.13 I/OforTuples . . . ... ... ... ... ... ..
5.1.4  Conversions between tuples and pairs . . . . . ... ..
5.2 SmartPointers . . . ... ...
5.2.1 Classshared_ptr . . ... ................
522 Classweak_ptr . . . . . . . ...
5.2.3  Misusing Shared Pointers . . . . ... .. ... ......
5.2.4  Shared and Weak Pointers in Detail . . . . . . .. ... ..
52,5 Classunique_ptr ... ... ... ... .........

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents ix
5.2.6 Classunique_ptrinDetail . ... ... .. ... .. ....... ... 110

527 Classauto_ptr . . . . . . . . .o o 113

5.2.8  Final Words on Smart Pointers . . . . . . .. ... ... .. ....... 114

5.3 NumericLimits. . . . . . . . . .. 115
5.4 Type Traits and Type Utilities . . . . . . . . . ... ... ... .. ... ... 122
5.4.1 Purpose of Type Traits . . . . . . . . ... ... ... 122

542 TypeTraitsinDetail . . . . . . ... ... ... ... ... . ... . 125

5.4.3 Reference Wrappers . . . . . . . . . . .o 132

5.4.4  Function Type Wrappers . . . . . . . . ... .. 133

5.5 Auxiliary Functions . . . . . . ... ... 134
5.5.1 Processing the Minimum and Maximum . . . . . .. ... ... ..... 134

5.5.2 SwappingTwo Values . . . . . . ... ... ... ... 136

5.5.3  Supplementary Comparison Operators . . . . . . . . .. ... .. .... 138

5.6  Compile-Time Fractional Arithmetic with Class ratio<> . . ... ... ... .. 140
577 Clocksand Timers . . . . . . . . . . . . o i 143
5.7.1  Overview of the Chrono Library . . . . .. ... ... ... ....... 143

572 Durations . . . . ... e 144

5.7.3 Clocks and Timepoints . . . . . . . . . ... ... ... 149

5.7.4  Date and Time Functions by Cand POSIX . . . . . . . ... .. ... .. 157

5.7.5 Blocking with Timers . . . . . ... .. ... ... .. ... ... 160

5.8 Header Files <cstddef>, <cstdlib>, and <cstring> . ... .......... 161
5.8.1 Definitionsin <cstddef>. . . . . . . .. ... L. 161

5.8.2  Definitions in <cstdlib>. . . . . . . . ... 162

5.8.3 Definitionsin <cstring>. . . . . . ... ... 163

6 The Standard Template Library 165
6.1  STL Components . . . . . . . . . v v v vttt i e e 165
6.2  Containers . . . . . . . . i e e 167
6.2.1 Sequence Containers . . . . . . . . .. .. ... 169

6.2.2  Associative Containers . . . . . . . . ..o 177

6.2.3 Unordered Containers . . . . . . . . . . . . ... ... 180

6.2.4 Associative ArrayS . . . . ... 185

6.2.5 Other Containers . . . . . . . . . vt ii 187

6.2.6  Container Adapters . . . . . . . . . . .. 188

6.3  Tterators . . . . . ... e e 188
6.3.1  Further Examples of Using Associative and Unordered Containers . . . . 193

6.3.2  Tterator Categories . . . . . . . . . .. e 198

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



X Contents

6.4 Algorithms . . . . . . . .. e 199
6.4.1 Ranges. . . . . .. . 203

6.4.2 Handling Multiple Ranges . . . . .. .. ... ... ... ........ 207

6.5 Iterator Adapters . . . . . . . ... 210
6.5.1 ImsertIterators . . . . . . . . . . . . 210

6.5.2  Stream Iterators . . . . . . . .. .. 212

6.5.3 Reverse Iterators . . . . . . .. .. L o 214

6.54 Movelterators . . . . . . ... 216

6.6  User-Defined Generic Functions . . . . . . . ... .. ... ... .. ....... 216
6.7 Manipulating Algorithms . . . . . . . . ... o 217
6.7.1 “Removing” Elements . . . .. ... ... .. .. ... .. ... .... 218

6.7.2  Manipulating Associative and Unordered Containers . . . . . .. .. .. 221

6.7.3  Algorithms versus Member Functions . . . . . ... ... ... ..... 223

6.8  Functions as Algorithm Arguments . . . . . . . . .. . ... ... ... ... 224
6.8.1  Using Functions as Algorithm Arguments . . . . ... ... ... ... .. 224

6.8.2 Predicates . . . . . . ... 226

6.9 UsingLambdas . . . . . . . . . . .. e 229
6.10 Function Objects . . . . . . . . . . . i i e e 233
6.10.1 Definition of Function Objects . . . . . . .. ... .. ... ... .... 233
6.10.2 Predefined Function Objects . . . . . . .. ... ... ... .. ..... 239
6.10.3 Binders . . . . ... 241
6.10.4 Function Objects and Binders versus Lambdas . . . . . . . ... ... .. 243

6.11 Container Elements . . . . . . . . . .. ... 244
6.11.1 Requirements for Container Elements . . . . . . ... ... ... .... 244
6.11.2 Value Semantics or Reference Semantics . . . . . . . .. ... ... ... 245

6.12  Errors and Exceptions inside the STL . . . . . . .. ... ... ... ... .... 245
6.12.1 ErrorHandling . ... ... ... ... ... ... ... 246
6.12.2 ExceptionHandling . . . . . ... ... . ... ... ... . 248

6.13 Extendingthe STL . . . . . . . . . ... ... 250
6.13.1 Integrating Additional Types . . . . . . . . . ... ... ... ... 250
6.13.2 Deriving from STL Types . . . . . . . .. .. ... ... 251

7 STL Containers 253
7.1  Common Container Abilities and Operations . . . . . . .. .. ... ... .... 254
7.1.1  Container Abilities . . . . . . . . .. ... 254

7.1.2  Container Operations . . . . . . . . . v v v v v v e e e 254

7.1.3  Container Types . . . . . . . . . .. 260

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents X1

T2 ATTAYS ..o 261
7.2.1 Abilitiesof Arrays. . . . . . .. 261
7.2.2  Array Operations . . . . . . . . ..o 263
7.2.3 Using arrays as C-Style Arrays . . . . . . . . ... ... ... ... 267
7.2.4 ExceptionHandling . . . ... ... ... ... ... ... .. ... ... 268
7.2.5 TupleInterface . . . .. ... ... ... 268
7.2.6  Examples of Using Arrays . . . . . . . .. ... 268
7.3 VECLOTS .« . o o o o e e e 270
7.3.1 Abilitiesof Vectors . . . . . . ... 270
7.3.2  Vector Operations . . . . . . . . . v v i vt e 273
7.3.3  Using Vectors as C-Style Arrays . . . . . . . ... ... ... ... . 278
7.3.4 ExceptionHandling . . . . ... ... .. ... ... ... ... .. ... 278
7.3.5 Examples of Using Vectors . . . . .. ... ... ... .......... 279
7.3.6  Class vector<bool> . . . . . . . . . . ... 281
T4 Deques . . . o vt e e e e e e 283
7.4.1 Abilitiesof Deques . . . . . ... L oL 284
742 Deque Operations . . . . . . . . . o ittt 285
743 ExceptionHandling . . . ... ... ... ... ... ... .. ... ... 288
7.4.4 Examplesof UsingDeques . . . . .. ... ... ... .......... 288
7.5 LiSts . .o 290
7.5.1 Abilitiesof Lists . . . . . .. ... 290
7.5.2  ListOperations . . . . . . . . v i e e e e 291
7.53 ExceptionHandling . . . .. ... ... ... ... ... .. ... 296
7.5.4 Examplesof Using Lists . . . .. ... ... ... .. ..... . .... 298
7.6 ForwardLists . . . . . . . . . ... 300
7.6.1  Abilitiesof Forward Lists . . . . . . .. ... ... . . 300
7.6.2  Forward List Operations . . . . . . . . ... .. ..., 302
7.6.3 ExceptionHandling . . . ... ... .. ... ... . ... ... ... 311
7.6.4  Examples of Using Forward Lists . . . . . .. ... ... ... ...... 312
7.7  Setsand Multisets . . . . . ... Lo 314
7.7.1  Abilities of Sets and Multisets . . . . ... ... Lo 315
7.7.2  Setand Multiset Operations . . . . . . . . ... ... ... ........ 316
7.7.3 ExceptionHandling . . . . . ... ... ... ... ... ... 325
7.7.4  Examples of Using Sets and Multisets . . . . . .. ... ... ... ... 325
7.7.5 Example of Specifying the Sorting Criterion at Runtime . . . . . . . . . . 328

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



xii Contents
7.8 Mapsand Multimaps . . . . . .. ... 331
7.8.1  Abilities of Maps and Multimaps . . . . . . . ... ... ... ... ... 332

7.8.2  Map and Multimap Operations . . . . . . . . ... ... ... .. .... 333

7.8.3  Using Maps as Associative Arrays . . . . . .« v v v v v v v i e 343

7.84 ExceptionHandling . . . . ... ... ... ... ... .. ... .. ... 345

7.8.5 Examples of Using Maps and Multimaps . . . . . .. .. ... ... ... 345

7.8.6  Example with Maps, Strings, and Sorting Criterion at Runtime . . . . . . 351

7.9 Unordered Containers . . . . . . . . . . . .ottt 355
7.9.1 Abilities of Unordered Containers . . . . . .. ... ... ........ 357

7.9.2  Creating and Controlling Unordered Containers . . . . . ... ... ... 359

7.9.3  Other Operations for Unordered Containers . . . . . .. ... ... ... 367

7.9.4 The BucketInterface . . .. ... ... ... ... . ... ... ... 374

7.9.5 Using Unordered Maps as Associative Arrays . . . . . . .. ... .... 374

7.9.6 ExceptionHandling . . . ... ... ... ... ... ... ... . ... 375

7.9.7  Examples of Using Unordered Containers . . . . . ... ......... 375

7.10 Other STL Containers . . . . . . . . . . vttt e e e 385
7.10.1 Strings as STL Containers . . . . . . . . . . . . ... 385
7.10.2 Ordinary C-Style Arrays as STL Containers . . . . . . . ... ...... 386

7.11 Implementing Reference Semantics . . . . . . ... ... ... ... ....... 388
7.12  When to Use Which Container . . . . . . . . ... .. .. ... ... ....... 392
8 STL Container Members in Detail 397
8.1 TypeDefinitions . . . . . . ... ... e 397
8.2 Create, Copy, and Destroy Operations . . . . . . . .. . .. .. ... .. 400
8.3  Nonmodifying Operations . . . . . . . . . . .. . . v 403
83.1 SizeOperations . . . . . . . . .. ... 403

8.3.2  Comparison Operations . . . . . . . . . . oo v i 404

8.3.3  Nonmodifying Operations for Associative and Unordered Containers . . . 404

84  ASSIZNMENtS . . . . ... e 406
8.5 Direct Element Access . . . . . . . ... 408
8.6  Operations to Generate Iterators . . . . . . . . . . ... ... L ... 410
8.7 Inserting and Removing Elements . . . . . . ... .. ... ... ... ...... 411
8.7.1 Inmserting Single Elements . . . . . . ... ... ... .. ... ...... 411

8.7.2  Inserting Multiple Elements . . . . . . . . ... ... .. ... ...... 416

8.73 RemovingElements . . . . . . ... ... ... ... ... 417

874 Resizing . . . . . . ... 420

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents xiii
8.8  Special Member Functions for Lists and Forward Lists . . . . .. ... ... ... 420
8.8.1  Special Member Functions for Lists (and Forward Lists) . . . . ... .. 420

8.8.2  Special Member Functions for Forward Lists Only . . . . ... ... .. 423

8.9 Container Policy Interfaces . . . . . . . ... .. ... o oL 427
8.9.1 Nonmodifying Policy Functions . . . . .. ... ... .. ........ 427

8.9.2  Modifying Policy Functions . . . . .. ... ... ... .. ....... 428

8.9.3  Bucket Interface for Unordered Containers . . . . . . . ... ... .... 429

8.10 Allocator Support . . . . . . . . e 430
8.10.1 Fundamental Allocator Members . . . . . . . . . ... ... ....... 430
8.10.2 Constructors with Optional Allocator Parameters . . . . .. .. ... .. 430

9 STL Iterators 433
9.1 Header Files for Iterators . . . . . . . . . . . . ... ... ... ... ... 433
9.2 Tterator Categories . . . . . . . . . .t 433
9.2.1 Outputlterators . . . . . . . . . .. ... 433

9.22 Inputlterators . . . . . . . . . . .. 435

9.2.3 Forward Iterators . . . . . . . . . . . .. . .. 436

9.2.4 Bidirectional Iterators . . . . . . . . . . ... 437

9.2.5 Random-Access Iterators . . . . . . . .. .. .. .. ... ... ..., 438

9.2.6  The Increment and Decrement Problem of Vector Iterators . . . . . . .. 440

9.3 Auxiliary Iterator Functions . . . . . . . .. ... ... .. 441
9.3.1 advance() . . . . . ... e 441

932 mextQandprev() . . . ... .. . . . ... .. 443

9.3.3 distance() . . ... e 445

9.34 dter_swap() . . . ... 446

9.4  Tterator Adapters . . . . . . . . .. e e e 448
9.4.1 Reverselterators . . . . . . . .. ... ... 448

9.4.2 Insertlterators . . . . . . . . . . . .. ... 454

9.43 StreamIterators . . . . . . . ... 460

944 Movelterators . . . . . . . .. 466

9.5 Tterator Traits . . . . . . . . . . e e e 466
9.5.1  Writing Generic Functions for Iterators . . . . . . .. ... ... .. ... 468

9.6  Writing User-Defined Iterators . . . . . . . ... ... ... ... ... ... 471

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Xiv Contents
10 STL Function Objects and Using Lambdas 475
10.1 The Concept of Function Objects . . . . . . . . ... ... ... ... ...... 475
10.1.1 Function Objects as Sorting Criteria . . . . . . ... ... ... ..... 476
10.1.2  Function Objects with Internal State . . . . . . . .. .. ... ... ... 478

10.1.3 The Return Value of for_each() . . ... ... ... ... ....... 482
10.1.4 Predicates versus Function Objects . . . . . . . .. ... .. ... .... 483

10.2 Predefined Function Objects and Binders . . . . . . ... ... ... ... ... 486
10.2.1 Predefined Function Objects . . . . . . . ... ... ... ... ..... 486
10.2.2 Function Adapters and Binders . . . . . . . ... ... ... ... ..., 487
10.2.3  User-Defined Function Objects for Function Adapters . . . . . . ... .. 495
10.2.4 Deprecated Function Adapters . . . . . . . .. .. ... ... ... 497

103 UsingLambdas . . . . . . . . . ... 499
10.3.1 Lambdas versus Binders . . . . .. .. .. ... ... .......... 499
10.3.2 Lambdas versus Stateful Function Objects . . . . . . .. ... ... ... 500
10.3.3 Lambdas Calling Global and Member Functions . . . . . . ... ... .. 502
10.3.4 Lambdas as Hash Function, Sorting, or Equivalence Criterion . . . . . . . 504

11 STL Algorithms 505
11.1 Algorithm Header Files . . . . . . . .. ... ... .. ... . ... ... 505
11.2 Algorithm Overview . . . . . . . .. ... . 505
11.2.1 ABriefIntroduction. . . . . . ... ... ... . 506
11.2.2 Classification of Algorithms . . . . . . ... ... ... ... .. .... 506

11.3 Auxiliary Functions . . . . . . .. . ... L 517
11.4 The for_each() Algorithm . . . . . . . .. .. ... .. ... . ... ...... 519
11.5 Nonmodifying Algorithms . . . . . . . . ... ... ... L 524
11.5.1 Counting Elements . . . . . .. . .. ... .. ... ... 524
11.5.2 Minimum and Maximum . . . . . .. . ... ... o 525

11.5.3 SearchingElements . . . . . . ... ... ... ... . ... ... 528
11.54 ComparingRanges . . . . . ... . ... ... ... ... ... 542
11.5.5 PredicatesforRanges . . . . . . . .. ... .. ... .. ... ... ... 550

11.6 Modifying Algorithms . . . . . . . . . . .. L 557
11.6.1 CopyingElements . . . . . . . ... ... ... .. .. 557
11.6.2 Moving Elements . . . . . . .. . .. ... .. 561
11.6.3 Transforming and Combining Elements . . . . . . ... .. ... .... 563
11.6.4 SwappingElements . . . . . . .. .. ... ... Lo 566

11.6.5 Assigning New Values . . . . . ... .. ... ... ... ..... ... 568
11.6.6 Replacing Elements . . . . . . ... ... ... ... .. ... ... 571

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents XV

11.7 Removing Algorithms . . . . . . . . .. . . 575
11.7.1 Removing Certain Values . . . . . . ... ... ... ... ........ 575
11.7.2 Removing Duplicates . . . . . . . . . . ... ... ... ... ... 578

11.8 Mutating Algorithms . . . . . . . . . . . .. Lo 583
11.8.1 Reversing the Order of Elements . . . . . ... ... ... ........ 583
11.8.2 RotatingElements . . . . . . . . ... . ... ... 584
11.8.3 Permuting Elements . . . . . . . . ... ... .. ... ... ... ... 587
11.8.4 ShufflingElements . . . . . .. .. ... ... ... ... 589
11.8.5 Moving Elements tothe Front . . . . . . ... ... ... ... .. ... 592
11.8.6 Partition into Two Subranges . . . . . . . .. ... ... ... ... ... 594

11.9 Sorting Algorithms . . . . . . . . . . . 596
11.9.1 Sorting All Elements . . . . .. ... ... ... ... ......... 596
11.9.2 Partial Sorting . . . . . . . . . .. 599
11.9.3 Sorting According to the nth Element . . . . . . . ... ... ... ... 602
11.9.4 Heap Algorithms . . . . . . . . ... ... 604

11.10 Sorted-Range Algorithms . . . . . . . . . ... ... 608
11.10.1 Searching Elements . . . . . . . ... .. ... ... . .......... 608
11.10.2 Merging Elements . . . . . . . .. .. ... ... 614

11.11 Numeric Algorithms . . . . . . . . . .. .. . e 623
11.11.1 Processing Results . . . . . ... ... ... ... ... ... ... 623
11.11.2 Converting Relative and Absolute Values . . . . . . ... ... ... ... 627

12 Special Containers 631

12.1 Stacks . . . . . .o 632
12.1.1 The Core Interface . . . . . . . . . . . .. . . 633
12.1.2 Example of Using Stacks . . . . . . . ... ... ... ... ... 633
12.1.3 A User-Defined Stack Class . . . . . . .. .. ... ... ......... 635
12.1.4 Class stack<>inDetail . . ... ... ... ... ... ... .... 637

122 Queues . . . . . . e e e e e 638
12.2.1 The Core Interface . . . . . .. ... ... ... ... ... 639
12.2.2 Example of Using Queues . . . . . . .. ... ... .. ... ..... 640
12.2.3 A User-Defined Queue Class . . . . . .. ... ... ... ........ 641
12.2.4 Class queue<>inDetail . . . .. .. .. ... ... .. ... ... 641

12.3 Priority QUEUES . . . . . . . . e e e 641
12.3.1 The Core Interface . . . . . . . .. . .. .. ... . 643
12.3.2 Example of Using Priority Queues . . . . . . . ... ... ... . .... 643
12.3.3 Class priority_queue<>inDetail . . .. ... . ... ... ... ... 644

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



XVvi

Contents

12.4 Container AdaptersinDetail . . . . . . ... ... ... 0oL
12.4.1 Type Definitions . . . . . . . . . . .. .. ..
1242 Constructors . . . . . . . .o
12.4.3  Supplementary Constructors for Priority Queues . . . . . . . ... ..
12,44 Operations . . . . . . . oot

125 Bitsets . . . . o oo e e
12.5.1 Examples of Using Bitsets . . . . . ... ... ... ... .....
12.5.2 ClassbitsetinDetail . . . . ... ... ... ... .. ... ....

13 Strings

13.1 Purpose of the String Classes . . . . . . . .. ... ... ... ........
13.1.1 A First Example: Extracting a Temporary Filename . . . . . . . . ..
13.1.2 A Second Example: Extracting Words and Printing Them Backward . . .

13.2 Description of the String Classes . . . . . . . . ... ... ... .......
13.2.1 String Types . . . . . . o o o e
13.2.2 Operation Overview . . . . . . . . . ... ...
13.2.3 Constructors and Destructor . . . . . . ... ... ... .......
13.2.4 Strings and C-Strings . . . . . . . . . ..o
13.2.5 Sizeand Capacity . . . . . . . . . .. e
13.2.6 Element Access . . . . . . . . . i
13277 Comparisons . . . . . . . . ...
13.2.8 Modifiers . . . . ...
13.2.9 Substrings and String Concatenation . . . . . . .. .. ... .. ...
13.2.10 Input/Output Operators . . . . . . . . . . . v v v v v v v e oo
13.2.11 Searching and Finding . . . ... ... ... .............
13.2.12 The Valuenpos . . . . . . . . . . ..
13.2.13 Numeric Conversions . . . . . . . . . . . . oot
13.2.14 Tterator Support for Strings . . . . . . . .. ... ...
13.2.15 Internationalization . . . . . . . . . . .. ... ... ... ...
13.2.16 Performance . . . . . . . . . . . ...
13.2.17 Strings and Vectors . . . . . . . . . . . ...

13.3 StringClassinDetail . . . . . . . . . ... .. o
13.3.1 Type Definitions and Static Values . . . . . . ... ... ... ....
13.3.2 Create, Copy, and Destroy Operations . . . . . . .. ... ... ...
13.3.3 Operations for Size and Capacity . . . . . ... ... ... .. ....
13.3.4 Comparisons . . . . . . . it e e e e
13.3.5 Character ACCESS . . . . v v v v v i e
13.3.6 Generating C-Strings and Character Arrays . . . . . ... ... ...

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents XVii

13.3.7 Modifying Operations . . . . . . . . . . ... ... ... ... ... 700
13.3.8 Searchingand Finding . . .. ... ... ... ... . ........ 708
13.3.9 Substrings and String Concatenation . . . . . . ... ... ... ..... 711
13.3.10 Input/Output Functions . . . . . . . . . ... ... ... .. ... . 712
13.3.11 Numeric Conversions . . . . . . . . . . .o v v v v i 713
13.3.12 Generating Iterators . . . . . . . . . . ... ... 714
13.3.13 Allocator Support . . . . . . . . ... 715

14 Regular Expressions 717
14.1 The Regex Match and Search Interface . . . . ... ... ... ... ....... 717
14.2 Dealing with Subexpressions . . . . . . . .. ... ..o 720
143 Regex Iterators . . . . . . . . . . .. 726
14.4 Regex Token Iterators . . . . . . . . . . . . . e 727
14.5 Replacing Regular Expressions . . . . . . . . .. . ... .. ... ... 730
14.6 Regex Flags . . . . . . . . e 732
14.7 Regex Exceptions . . . . . . . . . . e e 735
14.8 The Regex ECMAScript Grammar . . . . . . . .. ... ... ... ...... 738
14.9 Other Grammars . . . . . . . . . . ...t e e 739
14.10 Basic Regex Signaturesin Detail . . . . . . ... ... ... ... . .. ..., 740
15 Input/Output Using Stream Classes 743
15.1 Common Background of I/O Streams . . . . . . . . ... ... ... ... .... 744
15.1.1 Stream Objects . . . . . . . . . . i e e 744
15.1.2 Stream Classes . . . . . . . ... 744
15.1.3 Global Stream Objects . . . . . . . . . . . e 745
15.1.4 Stream Operators . . . . . . . . . . . .. 745
15.1.5 Manipulators . . . . .. ... 746
15.1.6 A Simple Example . . .. ... ... .. ... ... .. 746

15.2 Fundamental Stream Classes and Objects . . . . . . . ... .. ... ... .... 748
15.2.1 Classes and Class Hierarchy . . . . ... .. ... ... ... ...... 748
15.2.2 Global Stream Objects . . . . . . . . ... .. 751
1523 HeaderFiles . . . . . . . . ... L 752

15.3 Standard Stream Operators <<and >> . . . . . ... ... ... ... ....... 753
153.1 Output Operator << . . . . . . . .ot iee 753
15.3.2 InputOperator >> . . . . . . . . ... e 754
15.3.3 Input/Output of Special Types . . . . . . .. ... ... ... .. .... 755

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



XViil Contents

154 Stateof Streams . . . . . . . . 758
15.4.1 Constants for the State of Streams . . . . . . ... ... ... ... ... 758
15.4.2 Member Functions Accessing the State of Streams . . . . . . .. ... .. 759
15.4.3 Stream State and Boolean Conditions . . . . . . .. .. ... ... ... 760
15.4.4 Stream State and Exceptions . . . . . . ... ... oL 762

15.5 Standard Input/Output Functions . . . . . . . . ... ... ... ... ... .. 767
15.5.1 Member Functions forInput . . . . .. ... ... ... ... ... ... 768
15.5.2 Member Functions for Output . . . . ... ... ... ... .. ..... 771
1553 ExampleUses . . . . . . .« .. o e 772
1554 sentryObjects . . . . . . . . .. 772

15.6 Manipulators . . . . . . . . oL 774
15.6.1 Overview of All Manipulators . . . . . . ... ... ... ... ..... 774
15.6.2 How Manipulators Work . . . . . . . .. ... .. L. 776
15.6.3 User-Defined Manipulators . . . . . . . ... ... ... ......... 777

15.7 Formatting . . . . . . . . . e 779
15.7.1 FormatFlags . . . . . ... ... ... ... ... 779
15.7.2 Input/Output Format of Boolean Values . . . . ... .. ... ... ... 781
15.7.3 Field Width, Fill Character, and Adjustment . . . . . ... ... ... .. 781
15.7.4 Positive Sign and Uppercase Letters . . . . . . .. ... ... ... ... 784
15775 NumericBase . . . . . ... ... .. 785
15.7.6 Floating-Point Notation . . . . . . . . . . . ... ... ... ....... 787
15.7.7 General Formatting Definitions . . . . . . ... ... ... ... ..... 789

15.8 Internationalization . . . . . . . . . . ... L 790

15.9 File Access . . . . . . . 791
159.1 FileStream Classes . . . . . . . . . ..ottt 791
15.9.2 Rvalue and Move Semantics for File Streams . . . . . . ... ... ... 795
1593 FileFlags . . . . . . . .. 796
159.4 Random ACCess . . . . . . . . . . . e 799
15.9.5 Using File Descriptors . . . . . . . . . ... o i 801

15.10 Stream Classes for Strings . . . . . . . . . . .. 802
15.10.1 String Stream Classes . . . . . . . . . . o . i vt 802
15.10.2 Move Semantics for String Streams . . . . . . . . ... ... ... 806
15.10.3 char* Stream Classes . . . . . . . . . . . . . i 807

15.11 Input/Output Operators for User-Defined Types . . . . . . . ... ... ... ... 810
15.11.1 Implementing Output Operators . . . . . . . . . . . . oo v v oo 810
15.11.2 Implementing Input Operators . . . . . . . .. ... ... ........ 812
15.11.3 Input/Output Using Auxiliary Functions . . . . . . ... ... ... ... 814

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Contents XiX

15.11.4 User-Defined Format Flags . . . . . . . ... ... ... ... ..... 815
15.11.5 Conventions for User-Defined Input/Output Operators . . . . . . . .. .. 818

15.12 Connecting Input and Output Streams . . . . . . . . . . .. ... ... ... .. 819
15.12.1 Loose Coupling Using tie() . . . . . . . ... ... ... ... .... 819
15.12.2 Tight Coupling Using Stream Buffers . . . . ... ... ... ... ... 820
15.12.3 Redirecting Standard Streams . . . . . . . . .. ... ... 822
15.12.4 Streams for Reading and Writing . . . . . . . ... .. .. ... ... .. 824

15.13 The Stream Buffer Classes . . . . . . . . . . . .. .. . . 826
15.13.1 The Stream Buffer Interfaces . . . . . . ... ... . ... ... ..... 826
15.13.2 Stream Buffer Iterators . . . . . . . . .. ... ... ... 828
15.13.3 User-Defined Stream Buffers . . . . . . ... ... ... ... ... ... 832

15.14 Performance Issues . . . . . . . . . . . .. 844
15.14.1 Synchronization with C’s Standard Streams . . . . . . ... .. ... .. 845
15.14.2 Buffering in Stream Buffers . . . . . . ... .. ... o0, 845
15.14.3 Using Stream Buffers Directly . . . . . ... ... ... ... .. .... 846

16 Internationalization 849
16.1 Character Encodings and Character Sets . . . . . . ... .. ... ... ...... 850
16.1.1 Multibyte and Wide-Character Text. . . . . . . .. ... ... ... ... 850
16.1.2 Different Character Sets . . . . . . . . . . . . .. ... ... 851
16.1.3 Dealing with Character Sets in C++ . . . . . . ... . ... ... .... 852
16.1.4 Character Traits . . . . . . . . . . o 0 i e 853

16.1.5 Internationalization of Special Characters . . . . . ... ... ... ... 857

16.2 The Conceptof Locales . . . . . . . ... .. ... ... ... ....... 857
16.2.1 UsingLocales . . . . . . . . ... ... ... 858
16.2.2 LocaleFacets . . . . . . .. . ... . ... 864

16.3 LocalesinDetail . . . . . . . . . . . . .. e 866
164 FacetsinDetail . . . . . . . . . . .. .. 869
16.4.1 Numeric Formatting . . . . . . . . .. .. ... ... . ... . ...... 870
16.4.2 Monetary Formatting . . . . . . . .. ... ... 874
16.4.3 Time and Date Formatting . . . . . . ... ... ... .......... 884
16.4.4 Character Classification and Conversion . . . . . . . . ... ... .... 891
16.4.5 String Collation . . . . . . . . . .. ..o 904
16.4.6 Internationalized Messages . . . . . . . . . . . ... e 905

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



XX

Contents

17 Numerics

17.1 Random Numbers and Distributions . . . . . . . . ... ... ... ...
17.1.1 AFirstExample . . . . . .. ... ... ... ... ... ...
17.1.2 Engines . . . . . . . . . e
17.1.3 EnginesinDetail . . . . .. ... ... ... ... . ...,
17.1.4 Distributions . . . . . . . . ...
17.1.5 DistributionsinDetail . . . . . . . ... ... ... ... ...

17.2 Complex Numbers . . . . . . . . . . . vttt
17.2.1 Class complex<>inGeneral . . ... ... ... ... .....
17.2.2 Examples Using Class complex<> . . . . . ... ... .....
17.2.3 Operations for Complex Numbers . . . . .. ... ... ....
17.2.4 Class complex<>inDetail . . . ... ... ... ... .....

17.3 Global Numeric Functions . . . . . . ... ... ... ... ......

17.4 Valarrays . . . . . . .. e e e

18 Concurrency

18.1 The High-Level Interface: async () and Futures . . . . .. ... .. ..
18.1.1 A First Example Using async() and Futures . . . . . ... ..
18.1.2 An Example of Waiting for Two Tasks . . . . . ... ... ...
18.1.3 Shared Futures . . . . .. ... ... .. ... ... ...,

18.2 The Low-Level Interface: Threads and Promises . . . . . ... ... ..
18.2.1 Classstd::thread . . . .. ... ... ... ... ......
1822 Promises . . . . . . . o o i
18.2.3 Classpackaged_task<> . . . . ... ... ...........

18.3 Startinga ThreadinDetail . . . . . . . ... ... ... .. .......
18.3.1 async()inDetail . . . . .. ... ..o
183.2 FuturesinDetail . . . . . . . ... ... ... 0L
18.3.3 Shared FuturesinDetail . . . . . . ... ... .. ... .....
18.3.4 Class std::promiseinDetail . . . . . ... ... ... ....
18.3.5 Class std: :packaged_taskinDetail . . . . . ... ... ...
18.3.6 Class std::threadinDetail . . . . . . . ... ... ... ...
18.3.7 Namespace this_thread . ... ... ... ... ... ....

18.4 Synchronizing Threads, or the Problem of Concurrency . . . . ... ..
18.4.1 Beware of Concurrency! . . . .. ... ... ... .......
18.4.2 The Reason for the Problem of Concurrent Data Access . . . . .

18.4.3 What Exactly Can Go Wrong (the Extent of the Problem)

18.4.4 The Features to Solve the Problems . . . . . ... ... ... ..

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition

907



Contents

XXi

185 Mutexesand Locks . . . . . . . . . o L 989
18.5.1 UsingMutexesandLocks . . . . . . ... ... ... ... ... 989

18.5.2 Mutexes and Locksin Detail . . . . ... ... ... ... ......... 998

18.5.3 Calling Once for Multiple Threads . . . . . . ... ... ... ... ... 1000

18.6 Condition Variables . . . . ... .. ... oo 1003
18.6.1 Purpose of Condition Variables . . . . . . . ... ... ... ....... 1003

18.6.2 A First Complete Example for Condition Variables . . . ... ... ... 1004

18.6.3 Using Condition Variables to Implement a Queue for Multiple Threads . . 1006

18.6.4 Condition Variablesin Detail . . . . . . ... ... .. ... ... .... 1009

187 AtomiCcs. . . . . . . .. e 1012
18.7.1 Example of Using Atomics . . . . . . . . . . ... 1012

18.7.2 Atomics and Their High-Level Interface in Detail . . . . . .. ... ... 1016

18.7.3 The C-Style Interface of Atomics . . . . . . . .. ... ... ... .... 1019

18.7.4 The Low-Level Interface of Atomics . . . . . . ... .. ... ... ... 1019

19 Allocators 1023
19.1 Using Allocators as an Application Programmer . . . . . ... ... ... .... 1023
19.2 A User-Defined Allocator . . . . . . . . ... .. e 1024
19.3 Using Allocators as a Library Programmer . . . . . . ... ... ... ...... 1026
Bibliography 1031
Newsgroups and Forums . . . . . . ... ... .. 1031
Booksand Web Sites . . . . . . ..o 1032
Index 1037

Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Nicolai M. Josuttis: The C++ Standard Library, 2nd Edition



Preface to the Second Edition

I never thought that the first edition of this book would sell so long. But now, after twelve years, it’s
time for a new edition that covers C++11, the new C++ standard.

Note that this means more than simply adding new libraries. C++ has changed. Almost all typical
applications of parts of the library look a bit different now. This is not the result of a huge language
change. It’s the result of many minor changes, such as using rvalue references and move semantics,
range-based for loops, auto, and new template features. Thus, besides presenting new libraries and
supplementary features of existing libraries, almost all of the examples in this book were rewritten
at least partially. Nevertheless, to support programmers who still use “old” C++ environments, this
book will describe differences between C++ versions whenever they appear.

I'learned C++11 the hard way. Because I didn’t follow the standardization as it was happening I
started to look at C++11 about two years ago. I really had trouble understanding it. But the people
on the standardization committee helped me to describe and present the new features as they are
intended to be used now.

Note, finally, that this book now has a problem: Although the book’s size grew from about 800
to more than 1,100 pages, I still can’t present the C++ standard library as a whole. The library part
of the new C++11 standard alone now has about 750 pages, written in very condensed form without
much explanation. For this reason, I had to decide which features to describe and in how much
detail. Again, many people in the C++ community helped me to make this decision. The intent was
to concentrate on what the average application programmer needs. For some missing parts, I provide
a supplementary chapter on the Web site of this book, http://www.cppstdlib. com, but you still
will find details not mentioned here in the standard.

The art of teaching is not the art of presenting everything. It’s the art of separating the wheat
from the chaff so that you get the most out of it. May the exercise succeed.
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Preface to the First Edition

In the beginning, I only planned to write a small German book (400 pages or so) about the C++ stan-
dard library. That was in 1993. Now, in 1999 you see the result — a book in English with more than
800 pages of facts, figures, and examples. My goal is to describe the C++ standard library so that
all (or almost all) your programming questions are answered before you think of the question. Note,
however, that this is not a complete description of all aspects of the C++ standard library. Instead,
I present the most important topics necessary for learning and programming in C++ by using its
standard library.

Each topic is described based on the general concepts; this discussion then leads to the specific
details needed to support everyday programming tasks. Specific code examples are provided to help
you understand the concepts and the details.

That’s it — in a nutshell. I hope you get as much pleasure from reading this book as I did from
writing it. Enjoy!
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Chapter 1
About This Book

1.1 Why This Book

Soon after its introduction, C++ became a de facto standard in object-oriented programming. This
led to the goal of standardization. Only by having a standard could programs be written that would
run on different platforms — from PCs to mainframes. Furthermore, a standard /ibrary would enable
programmers to use general components and a higher level of abstraction without losing portability
rather than having to develop all code from scratch.

Now, with the second standard, called C++11 (see Section 2.1, page 7, for the detailed history of
C++ standards), we have a huge C++ standard library whose specification requires more than double
the size of the core language features. The library enables the use of
e Input/output (I/O) classes
e String types and regular expressions
e Various data structures, such as dynamic arrays, linked lists, binary trees, and hash tables
e Various algorithms, such as a variety of sorting algorithms
e C(Classes for multithreading and concurrency
e C(lasses for internationalization support
e Numeric classes
e Plenty of utilities
However, the library is not self-explanatory. To use these components and to benefit from their
power, you need an introduction that explains the concepts and the important details instead of
simply listing the classes and their functions. This book is written exactly for that purpose. First,
it introduces the library and all its components from a conceptual point of view. Next, the book
describes the details needed for practical programming. Examples are included to demonstrate the
exact use of the components. Thus, this book is a detailed introduction to the C++ library for both
the beginner and the practicing programmer. Armed with the data provided herein, you should be
able to take full advantage of the C++ standard library.
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Caveat: 1 don’t promise that everything described is easy and self-explanatory. The library
provides a lot of flexibility, but flexibility for nontrivial purposes has a price. The library has traps
and pitfalls, which I point out when we encounter them and suggest ways of avoiding them.

1.2 Before Reading This Book

To get the most from this book, you should already know C++. (The book describes the standard
components of C++ but not the language itself.) You should be familiar with the concepts of classes,
inheritance, templates, exception handling, and namespaces. However, you don’t have to know all
the minor details about the language. The important details are described in the book; the minor
details about the language are more important for people who want to implement the library rather
than to use it.

Note that the language has changed during the standardization of C++11, just as it changed
during the standardization of C++98, so your knowledge might not be up-to-date. Chapter 3 provides
a brief overview of and introduction to the latest language features that are important for using the
C++11 library. Many of the new library features use these new language features, so you should read
Chapter 3 to review all the new features of C++. But I will also refer to that chapter when libraries
use new language features.

1.3 Style and Structure of the Book

The C++ standard library provides components that are somewhat, but not totally, independent of
one another, so there is no easy way to describe each part without mentioning others. I considered
various approaches for presenting the contents of this book. One was on the order of the C++ stan-
dard. However, this is not the best way to explain the components of the C++ standard library from
scratch. Another approach was to start with an overview of all components, followed by chapters
that provided more details. Alternatively, I could have sorted the components, trying to find an order
that had a minimum of cross-references to other sections. My solution was to use a mixture of all
three approaches. I start with a brief introduction of the general concepts and the utilities that the
library uses. Then, I describe all the components, each in one or more chapters. The first compo-
nent is the standard template library (STL). There is no doubt that the STL is the most powerful,
most complex, and most exciting part of the library. Its design influences other components heav-
ily. Then, I describe the more self-explanatory components, such as special containers, strings, and
regular expressions. The next component discussed is one you probably know and use already: the
IOStream library. That component is followed by a discussion of internationalization, which had
some influence on the IOStream library. Finally, I describe the library parts dealing with numerics,
concurrency, and allocators.

Each component description begins with the component’s purpose, design, and some examples.
Next, a detailed description begins with various ways to use the component, as well as any traps and
pitfalls associated with it. The description usually ends with a reference section, in which you can
find the exact signature and definition of a component’s classes and its functions.
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1.3 Style and Structure of the Book 3

List of Contents

The first five chapters introduce this book and the C++ standard library in general:

Chapter 1: About This Book introduces the book’s subject and describes its contents.
Chapter 2: Introduction to C++ and the Standard Library provides a brief overview of the
history of the C++ standard library and the context of its standardization and introduces the
concept of complexity.

Chapter 3: New Language Features provides an overview of the new language features you
should know to read this book and to use the C++ standard library.

Chapter 4: General Concepts describes the fundamental library concepts that you need to
understand to work with all the components. In particular, the chapter introduces the namespace
std, the format of header files, and the general support of error and exception handling.
Chapter 5: Utilities describes several small utilities provided for the user of the library and
for the library itself. In particular, the chapter describes classes pair<> and tuple<>, smart
pointers, numeric limits, type traits and type utilities, auxiliary functions, class ratio<>, clocks
and timers, and available C functions.

Chapters 6 through 11 describe all aspects of the STL:

Chapter 6: The Standard Template Library presents a detailed introduction to the concept of
the STL, which provides container classes and algorithms that are used to process collections of
data. The chapter explains step-by-step the concept, the problems, and the special programming
techniques of the STL, as well as the roles of its parts.

Chapter 7: STL Containers explains the concepts and describes the abilities of the STL’s con-
tainer classes. The chapter describes arrays, vectors, deques, lists, forward lists, sets, maps, and
unordered containers with their common abilities, differences, specific benefits, and drawbacks
and provides typical examples.

Chapter 8: STL Container Members in Detail lists and describes all container members (types
and operations) in the form of a handy reference.

Chapter 9: STL Iterators explains the various iterator categories, the auxiliary functions for
iterators, and the iterator adapters, such as stream iterators, reverse iterators, insert iterators, and
move iterators.

Chapter 10: STL Function Objects and Using Lambdas details the STL’s function object
classes, including lambdas, and how to use them to define the behavior of containers and algo-
rithms.

Chapter 11: STL Algorithms lists and describes the STL’s algorithms. After a brief introduc-
tion and comparison of the algorithms, each algorithm is described in detail, followed by one or
more example programs.

Chapters 12 through 14 describe “simple” individual standard classes of the C++ standard library:

Chapter 12: Special Containers describes the container adapters for queues and stacks, as well
as the class bitset, which manages a bitfield with an arbitrary number of bits or flags.
Chapter 13: Strings describes the string types of the C++ standard library (yes, there are more
than one). The standard provides strings as “kind of”” fundamental data types with the ability to
use different types of characters.
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e Chapter 14: Regular Expressions describes the interface to deal with regular expressions,
which can be used to search and replace characters and substrings.

Chapters 15 and 16 deal with the two closely related subjects of I/O and internationalization:

e Chapter 15: Input/Output Using Stream Classes covers the standardized form of the com-
monly known [OStream library. The chapter also describes details that are typically not so well
known but that may be important to programmers, such as the correct way to define and integrate
special I/O channels.

e Chapter 16: Internationalization covers the concepts and classes for the internationalization
of programs, such as the handling of different character sets and the use of different formats for
floating-point numbers and dates.

The remaining chapters cover numerics, concurrency, and allocators:

e Chapter 17: Numerics describes the numeric components of the C++ standard library: in par-
ticular, classes for random numbers and distributions, types for complex numbers, and some
numeric C functions.

e Chapter 18: Concurrency describes the features provided by the C++ standard library to enable
and support concurrency and multithreading.

e Chapter 19: Allocators describes the concept of different memory models in the C++ standard
library.

The book concludes with a bibliography and an index.

Due to the size of this book I had to move material that is not so relevant for the average appli-
cation programmer but should be covered to a supplementary chapter provided on the Web site of
this book: http: : /www.cppstdlib.com. That material includes:

e Details of bitsets (introduced in Section 12.5)

e Class valarray<> (very briefly introduced in Section 17.4)

e Details of allocators (introduced in Chapter 19)

1.4 How to Read This Book

This book is both an introductory user’s guide and a structured reference manual about the C++
standard library. The individual components of the C++ standard library are somewhat independent
of one another, so after reading Chapters 2 through 5 you could read the chapters that discuss the
individual components in any order. Bear in mind that Chapters 6 through 11 all describe the same
component. To understand the other STL chapters, you should start with the introduction to the STL
in Chapter 6.

If you are a C++ programmer who wants to know, in general, the concepts and all parts of
the library, you could simply read the book from beginning to end. However, you should skip the
reference sections. To program with certain components of the C++ standard library, the best way
to find something is to use the index, which I have tried to make comprehensive enough to save you
time when you are looking for something.

In my experience, the best way to learn something new is to look at examples. Therefore, you’ll
find a lot of examples throughout the book. They may be a few lines of code or complete programs.
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In the latter case, you’ll find the name of the file containing the program as the first comment line.
You can find the files on the Internet at the Web site of the book: http://www.cppstdlib. com.

1.5 State of the Art

The C++11 standard was completed while I was writing this book. Please bear in mind that some
compilers might not yet conform to the standard. This will most likely change in the near future.
As a consequence, you might discover that not all things covered in this book work as described on
your system, and you may have to change example programs to fit your specific environment.

1.6 Example Code and Additional Information

You can access all example programs and acquire more information about this book and the C++
standard library from my Web site: http://www.cppstdlib.com. Also, you can find a lot of
additional information about this topic on the Internet. See the bibliography, which is also provided
on the Web site, for some of them.

1.7 Feedback

I welcome your feedback (good and bad) on this book. I tried to prepare it carefully; however,
I’m human, and at some point I have to stop writing and tweaking. So, you may find some errors,
inconsistencies, or subjects that could be described better. Your feedback will give me the chance to
improve later editions.

The best way to reach me is by email. However, to avoid spam problems, I haven’t included
an email address inside this book. (I had to stop using the email address I put in the first edi-
tion after I started getting thousands of spam emails per day.) Please refer to the book’s Web site,
http://www.cppstdlib.com, to get an email address for feedback.

Many thanks.
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