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Preface

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 — an English book 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 every-day 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!



W
m
.
. N
o g e St TUE G S ey : - s rdbapat o L aies
= LTI | * i !l‘}, o ".f‘ij- . I EEEE N i~ R
‘ .
R )4 I},.:’(. B 5,3&]"]\ =iy, JL P IR : o gerypee > B =g b B 1.
Tt tre, oA et e e AaIGE g ee B aum o
ik e L o wr R
gt W TR B e by d dCjrai W
? - . v A _
Wi .
Uy PR SRR U I S D _ N S T e
o bt BT ’.f‘ﬂ‘,.--'. S e, ‘l'){,-l'!\w A R B s [T 0 .
. @ A Fo T ot s
P M w4rl | § o i TEsgy 2 J"-'},“" 1 haf W il (I e i
i .
. ' da
P
%




Acknowledgments

This book presents ideas, concepts, solutions, and examples from many sources. In a way it does
not seem fair that my name is the only name on the cover. Thus, I'd like to thank all the people and
companies who helped and supported me during the past few years.

First, I'd like to thank Dietmar Kiihl. Dietmar is an expert on C++, especially on input/output
streams and internationalization (he implemented an I/O stream library just for fun). He not only
translated major parts of this book from German to English, he also wrote sections of this book using
his expertise. In addition, he provided me with invaluable feedback over the years.

Second, I'd like to thank all the reviewers and everyone else who gave me their opinion. These
people endow the book with a quality it would never have had without their input. (Because the
list is extensive, please forgive me for any oversight.) The reviewers for the English version of this
book included Chuck Allison, Greg Comeau, James A. Crotinger, Gabriel Dos Reis, Alan Ezust,
Nathan Myers, Werner Mossner, Todd Veldhuizen, Chichiang Wan, Judy Ward, and Thomas Wike-
hult. The German reviewers included Ralf Boecker, Dirk Herrmann, Dietmar Kiihl, Edda Lorke,
Herbert Scheubner, Dominik Strasser, and Martin Weitzel. Additional input was provided by Matt
Austern, Valentin Bonnard, Greg Colvin, Beman Dawes, Bill Gibbons, Lois Goldthwaite, Andrew
Koenig, Steve Rumsby, Bjarne Stroustrup, and David Vandevoorde.

Special thanks to Dave Abrahams, Janet Cocker, Catherine Ohala, and Maureen Willard who
reviewed and edited the whole book very carefully. Their feedback was an incredible contribution
to the quality of this book.

A special thanks goes to my “personal living dictionary” — Herb Sutter — the author of the
famous “Guru of the Week” (a regular series of C++ programming problems that is published on the
comp.lang.c++.moderated Internet newsgroup).

I'd also like to thank all the people and companies who gave me the opportunity to test my
examples on different platforms with different compilers. Many thanks to Steve Adamczyk, Mike
Anderson, and John Spicer from EDG for their great compiler and their support. It was a big help
during the standardization process and the writing of this book. Many thanks to P. J. Plauger and
Dinkumware, Ltd, for their early standard-conforming implementation of the C++ standard library.
Many thanks to Andreas Hommel and Metrowerks for an evaluative version of their CodeWarrior
Programming Environment. Many thanks to all the developers of the free GNU and egcs compilers.
Many thanks to Microsoft for an evaluative version of Visual C++. Many thanks to Roland Hartinger
from Siemens Nixdorf Informations Systems AG for a test version of their C++ compiler. Many
thanks to Topjects GmbH for an evaluative version of the ObjectSpace library implementation.



XX Acknowledgments

Many thanks to everyone from Addison Wesley Lohgman who worked with me. Among oth-
ers this includes Janet Cocker, Mike Hendrickson, Debbie Lafferty, Marina Lang, Chanda Leary,
Catherine Ohala, Marty Rabinowitz, Susanne Spitzer, and Maureen Willard. It was fun.

In addition, I"d like to thank the people at BREDEX GmbH and all the people in the C++ com-
munity, particularly those involved with the standardization process, for their support and patience
(sometimes I ask really silly questions).

Last but not least, many thanks and kisses for my family: Ulli, Lucas, Anica, and Frederic. 1
definitely did not have enough time for them due to the writing of this book.

Have fun and be human!



Contents

Preface

Acknowledgments

1 About this Book

Why thiSBook: < = v o w75 4 5 0 v 5 v o o b w o o iph dom mliuprn o & 408 0 e 1o
What You Should Know Before Reading this Book . . . . . .. .. .. .......
Style.and.Structure of the' Book « . : 52 s & 6w s sbe 5w wle m ® 5 5 5 575 0 w0
How to Readithis Book - . . .., /19, 04 ao it ila' s b o2 s mis s s s s% 4 5 s
SEICOFtheATE § 5 s o m e o 20 4™ 1 cmmm e ites i h f o ssrs s n b

1.1
1.2
1.3
1.4
1.5
1.6
1.7

Example Code and Additional Information . . . . .. .. ... ... ........
Feedbatk o . ¢ & v vio o 58 st e b e e e mm e a e s e e e R s e

2 Introduction to C++ and the Standard Library

2.1
22

23

HISOTY s s ¢ s s s 5 288853355 5 50 EER M DT T § ¢ 5 5mms Bt =5 o 4
New Language Eeatures: . . oo &0 Div o antfoiid @ bow v wa e < bl w0 s
22, TEMPIAES v s v w o v ns s o5 55 5 mald s 5 ob oa B dek s sls ks e p s
2.2.2  Explicit Initialization for Fundamental Types . . . . . ... ... .. ...
2.2.3 Exception Handling « « o » xiye o snwom o wrsabon s s s e ® 2 B
224 INAMESPACES. = = & o w0 w v o v 5o 1o o SEprRzamath 5,000 & 808§ 8wl & & 8
2258 TYPEBOOL o 5 4 5 5 & v v v w o e e R e e e e e S S e e s
226 Keywordexplicit : : : s vsmowam o v 5 v s s m s e we o5 w8 80
2.2.77  New Operators for Type Conversion . . . . . .. ... .. .........
2.2.8 Initialization of Constant Static Members . . . . . . ... ... ... ...
229.  Definifionofmain(). . : sz vasnss s s s enE s ils s 558 d

Complexity and the Big-O Notation . . . . . ... ... ... ... .........

xvii

xix



vi Contents

3 General Concepts 23
3.1 Namespace std . . . . . . .. ... e 23
32 Hewder BBl . . i sy cvmeunusss s i1 AAREE SR EBE A ®E L5 KT K 24
33 EmorandExceptionHandling - . - :: : . s v o cwmwansasssssssia 25

33.1 Standard Exception Classes . . . . . . . ... ... ... .......... 25
3.3.2 Members of Exception Classes . . . ... ... ..... T LR 28
3.3.3 Throwing Standard Exceptions . . . . . . . .. .. .. ........... 29
3.34 Deriving Standard ExceptionClasses . . . . . . . .. .. .. ........ 30
34  Allocators . . . . . ... e e e e e e 31
4 Utilities 3 33
4.1 Pairs . ... e e e e 33
4.1.1 Convenience Functionmake_pair() . . . . .. ... ... ... ...... 36
4.1.2 Examplesof PairUsage . . . . . ... .. ... ... ... ... ...... 37
4.2 Classauto ptr . : : v e mionln s s 555 s vddlond e a0 b wan vy 38
42.1 Motivationof Class auto_ptr . . . . . . . ... ... ... ... ..... 38
422 Transfer of Ownershipbyauto_ptr . . . . . .. ... .. ......... 40
423 auto_ptrsasMembers. . . ... ... ... ... .. e
424 Misusing auto_ptrS . . . . . . e e e e e 46
425 auto_ptrExamples . . ... ... .. .. ... ... 47
426 Classauto ptrinDetail . « « i i : v v vswsomwsnsas o5 5856 51
43 NumericLimits. . . . . . ... .. o000 o0 Lt SRS L Lt gl 59
44 Auxiliary Functions . . . . . . . . . .. 66
44.1 Processing the Minimum and Maximum . . . . ... ... ......... 66
442 SwappingTwoValues . . . . . . ... ... .. ... ............. 67
4.5 Supplementary Comparison Operators . . . . . . . . . . . . . . . .. .. ... ... 69
4.6 Header Files <cstddef> and <cstdlib> . . . . . . .. . ... ... .. ...... 71
46,1 DefinitionsiN<Cstdder> « » 5 s v v s v mmme o hs 3w e s 2 8 @ w o 71
4.6.2 Definitions in'<estdlib®: z ¢ s s s s s s s s e Fat s o v %% @ a4 71

5 The Standard Template Library 73
5.1 STL:Components . . . . . «ojeamsit oo o ow ot Yol o wom, aclifbl « oo w 73
52 Containers . . . . . . v v vt e e e e e e e e e e e e 75

321 Sequence ContaingrS » o s s s s v v s mmwme v rsns v Lol e s ¢ 76
5.2.2 Associative Containers . . . . . . . ..o u e e 81

5.23 Container Adapters . . . . . . . . . i e e e e e e e e e 82



Contents vii
5.3 . Ieratorsi: . « = :now ww s s 5 5 ¢ HEE w sowibinsd B oW fmrwd o L5 & . . 83
5.3.1 Examples of Using Associative Containers . . . . . .. .. ... ... ... 86

5.32. TteratorCalegori€s : . « : « s = o & wobss o wie W dalgfive s ¢ s wluie o w s 93

54 Algorthms : : s s wsiisssiscasns BN ATRINERGE %% 5% 278 » 5 @ 94
54.1 Ranges. ... ... ... .. ... e 97

54.2 Handling Multiple Ranges . . . . .. ........ Sebidlb. s 50 ebY @ ow 101

55 Terator:Adaplers: . o « o v « o ¢ i 0w obimomow o s PULEHETBI Ll s (55N e 104
5:5.1 - InsertIterators s . : : s : s awwwmm s 3 o 5 PIRELAITT ol s o v v v v v s 104

5.5.2 StreamIterators . . . . . . .o Sl LV I Ll o L e e e 107

593 . ReverSelterators. : : : ¢ cwwwmuems s s s s v e ames § 39855 @8 109

5.6 Manipulating Algorithms . . . . . . . ... ... ... 111
5.6.1 “Removing” Elements . . ... .. ... ... ... ... ...... 111

5.6.2 Manipulating Algorithms and Associative Containers . . . . . . . ... .. 115

5.6.3  Algorithms versus Member Functions . . . . . ... ... ......... 116

5.7 User-Defined Generic Functions . . . . . . . ... .. ... ... .. 117
5.8 Functions as Algorithm Arguments . . . . . .. . . ... ... ... ........ 119
5.8.1  Examples of Using Functions as Algorithm Arguments . . . . .. ... .. 119

582 Predicates + s 4 s st s s s wnnis s o PPRNE s ¥ oiwoww s 121

5.9 FunctionObjects . . . . . . . . . . . e 124
5.9.1 What Are Function Objects? . . . . . . ... .. ... ... ... ..... 124

5.9.2 Predefined Function Objects . . . . . ... ... ... ........... 131

5.10 Container Elements . . . . . . . . . .. .. ... e 134
5.10.1 Requirements for Container Elements . . . . . . ... ... ........ 134
5.10.2 Value Semantics or Reference Semantics . . . . . ... ... ........ 135

5.11 Errors and Exceptions Inside the STL . . . . . . . .. ... ... ... ....... 136
5111 ErmorHandling : . . . o v waas s ¢ s v v s mmme s s s s 5 8655 137
5.11.2 ExceptionHandling . . . . ............... L 139

5.12 Extendingthe STL . . . . . . . . . .. ... . Lo 141
6 STL Containers 143
6.1 Common Container Abilities and Operations . . . . . . . ... ... ... ..... 144
6.1.1 Common Container Abilities . . . . ... ........ s ¢ el B ¥ 144

6.1.2 Common Container Operations . . . . . . . . . . ... ... ... ..... 144

0.2, VECLOLS © v oo oo n o o o v o bt [ e P2l b et =0 & s B o & 148
6:2:.1 Abilitiesof VeCtors : : : s w o mom s s 5 8 svmmm wd ssgs 5 5 55w w s 148

6.2.2 Vector Operations . . . . . . . .. ...« ro A B B 150



viii Contents
6.2.3  Using Vectors as Ordinary Arrays . .. ... 155

6.24  ExceptionHandling..= &uio o . #58, awd bany iy e v s w55 v s 155

6.2.5 Examplesof Using Vectors . . . . . .. .. ... ... ... 156

626 Classvector<bogl® : « c s v s 5 v v s 53 v w3 ¥ &5 8 Fhiews s 158

6.3 . DEQUES & v v v w6 0w wn v e w i e o  wew SEIETE a feee @ 160
6.3.1 Abiliesof DeqUES « « « = v » v & SWhd wPWE L T0th Fo v o wine s = s 161

632 DequeOperations , . « v v w mow v g v 0w oo 0wt el @ o oo 162

633 ExceptionHandling - : « x5 555 2 2 8 ¢ 4 & 420005 S0l 5 6 whe s ww @ 164

6.3.4 Examples of UsingDeques . . . ... ... ....... T 164

64 LISIS . . oot e B 166
641 AbiliteSof ListS; ¢ s x ¢ » www w m w5 s wiile G5 A st bk e s e 166

6.4.2. ListiOperations . , .-. . oo w o v dlimiis, oo o e o oo Tt T 167

64.3 ExceptionHapdling: ; . o oo b fong st brisos s mio ddie Brbie @ v momom o 172

6.4.4 Examples of Using Lists .. . wyi: wimigid o o wimosisloie ého o o o o o i 172

65 SclsandMullisetS o 55 5 v s v s nwm e o o B b Bred ot Be ity i B i s 0 175
6.5.1 Abilities of Sets and MUltiSets . .. p.s o sovie 0.8 o srsivis spg o s 5 = = 93 176

6.5.2 Setand Multiset Operations . . . . . . . . . . v v v vt v e 177

653 ExceptionHandling: . . . . v v v vpom o v o i v 8 sus sosnsgs 5,8 5 5 & 5 185

6.5.4 Examples of Using Sets and Multisets . . . . . .. ... ... ....... 186

6.5.5 Example of Specifying the Sorting Criterion at Runtime . . . . . . . . . .. 191

6.6 MapsandMultimaps . . . . . . . . . . ... 194
6.6.1  Abilities of Maps and MOIGMEaps « o o o » Ve 5 = om0 006 hm s 8 o nm 195

6.6.2 Map and Multimap Operations . . ... . . . . ... ... ... ... 196

6.6.3 Using Maps as Associative Arrays . . . . . . . . ... ... 205

6.6.4 ExceptionHandling . . . ... ........................ 207

6.6.5 Examples of Using Maps and Multimaps . . . . . . ... ... ....... 207

6.6.6 Example with Maps, Strings, and Sorting Criterion at Runtime . . . . . . . 213

67 Other'STLContaINErS & 5.5 7 5 s s 5w & 5 5 58 5 % & % 5,8 5 87 Foors & § 8 508 217
6.7.1 Stringsas STL Containers . . . . . . . . . . .. v v .. 217

6.7.2 Ordinary Arrays as STL CONtainers .« s o« s + & s 4 s & ¢ ¢ 247 o @t sbe b 218

6:7.3. . HasRTabIeS .. . v 5w o oo wiipin T Gl bl gt S, 6 SIBMS VAt B s @ 00 o b8 221

6.8 Implementing Reference Semantics . . . . . .. . .. ... 222
6.9 ‘When to Use which Container . . . . ... b0 L0 a0 0oL e e 226
6.10 Container Types and Membersin Detail . . . . . . . ... ... ... ........ 230
6:10:1 TypeDefinitions: : : s s s s suscanaPhdeh s b s svsmss 230

6.10.2 Create, Copy, and Destroy Operations . . . . . . . ............. 231



Contents ix
6.10.3 Nonimodifying Operations: « = = » = « #ls e WM wwble o v 5 %« o 233
6.10.4 Assignments . . . . . ... ... e e e e 236
6.10.5 Direct Element ACCosss .. rsidl st s, id i sVilinds, ¥l s o o s 5058 T ¢ & 4 237
6.10.6 Operations to Generate Iterators . . . . . . . ... .« vt v v oo 239
6.10.7 Inserting and Removing Elements . . . . . ... ... ... ........ 240
6.10.8 Special Member Functions forLists . . . . . ... .. ... ........ 244
6:10:9 Allocator'SUPPOTt . s s % ssiid & 5 5 515 GoFREE & & S8 6 5 « 5058 & @ 8 246
6.10.10 Overview of Exception Handling in STL Containers . . . . . . ... . ... 248

7 STL Iterators 251

7.1 HeaderFilesforIterators . . . . . . . . . . . . . . . ... 251
T2 Ierator Categories « « s « « « .0 v o 5 6 5.5 v 5% % 4 5 ays@w domm P s 5 & ¢ & © % 251
72,1 InputTGErators - o v o w o 2 v o o 5 5 5 s puataties ab o @8 F ¢ v o'ppe v = o 252

T22 OutputIterators . . s ¢ 5 & & 3 sygrs 5w 45 asfe s S als & & 8 5% & & 253

7.23 Forward Iterators . . . . . . . . . . . . e 254

7.2.4 Bidirectional Iterators . . . . . . . . .. ... 255

7.2.5 Random Access Iterators . . . . . . . .. ... ... 255

7.2.6  The Increment and Decrement Problem of Vector Iterators . . . . . .. .. 258

7.3 Auxiliary Iterator Functions . . . . . . . .. ... ... ... o 259
7.3.1 Stepping Iterators Using advance() . . . ... ... ............ 259

7.3.2  Processing Iterator Distance Using distance() . . . . . .. ... .. ... 261

7.3.3 Swapping Iterator Values Using iter_swap() . ... ........... 263

T4 Ieratof AdapIETS = o« s 5 6 6 v 5 85 T 5 5 0 5 & 5 © 5L 0,6,0E 5 s & 58 B8 % @ 264
T4.1 Reverse Ierators . . . .« oy vie v g o s 0 5 5 o b 66 5 5 &« em o o 264

T4.2 INSCTtIEIators « : : s w5 55 06 5 5 5 #.6 5.5 AuFm s 4.5 @ @& 3% 5 5 & 271

7.4.3 StreamIterators . . . . . . . . . ... .. e e 277

TS TMeraforTrails & o » u ¢ v 5 smmm v w6 5 0w o st aisl fe 5 8 S & & o w w0 283
7.5.1  Writing Generic Functions forIterators . . . . . .. ... ... ....... 285

7.5.2 User-DefinedIterators . . . . . . . . . . . . . ... i 288

8 STL Function Objects 293
8.1 TheConceptof Function ObJECtS' « s s v ¢ 5 v v smmmman #5588 8 5w n 293
8.1.1 Function Objects as Sorting Criteria . . . . . . ... ... .. ....... 294

8.1.2  Function Objects with Internal State . . . . . . .. ... ... ... .... 296

8.1.3 TheReturn 'Valugof for @8chi() . » « « s s o o 8 5 96 i 6 & § &% 5= 55 300

8.1.4  Predicates versus FunctionObjects . . . . . .. ... .. ... ....... 302



Contents

82 Predefined Function ODJects . v o » s & o + 550 W% @S @l s o % wh o o s 305
82.1 Tunction Adapters. . . .. . « . v v wwwm ool Wl oD £h v b 306
8.2.2  Function Adapters for Member Functions . . . . . ... ... ... .... 307
8.2.3 Function Adapters for Ordinary Functions . . . . . ... .. ... ... .. 309
8.2.4  User-Defined Function Objects for Function Adapters . . . . . . ... ... 310
8.3  Supplementary Composing Function Objects . . . . . . .. ... ... ....... 313
83.1 Unary Compose Function Object Adapters . . . . . . WSOEE o8 M 2 2 % 314
8.3.2 Binary Compose Function Object Adapters . . . . ... ... ....... 318
STL Algorithms 321
9.1 AlgorithmHeaderFiles . . ... ... ... ........ .. .. 00000, 321
92 AlgorithmOverview . . . . . . ... ...t cuwiioeewee i, 322
921 A Brieflntroduction: . ... .. .cccme e dwr . hes o0 322
9.2.2 Classification of Algorithms . . . . . .. .. ... ... ........ . .323
9.3 Auxiliaty PUNCHONS o siw v 53 £ 1 5 s s s mmem s oo s s b s s & o 332
9.4 The for_each() Algorithm . . . . . . .. .. ... .. ... ... ... ... ... 334
9.5 Nonmodifying Algorithms . . . . . . . . . .. ... .. ... 338
9.5.1 CountingElements . : : : : : s s wmms s oo s o5 65 5 8 8 855w 6ms 338
9.5.2 Minimumand Maximum . . . .. .. ... ... L L 339
9953 SearchingEIEMents: . ; . 5 i s cnwmmen o0 n 6 5 6% 5 5 & 86505 341
954 ComparingRanges . . ... ... .. ... ... ... .. ... ... 356
9.6 Modifying Algorithms . . . . . . . . . . ... ... 363
961 CopyingEIemenlS.s s s v 54 s s s mm s s 5 9 h b b 6 05 & 6@ &5 @85 8 363
9.6.2 Transforming and Combining Elements . . . . .. .. ... ... ..... 366
963 SwappingElements . : « s s s s v s s s i son vi s e s e e s mE 370
9.6.4 AssigningNew Values . . ... ... ..... ... ... . ........ 372
9.6.5 ReplacingElements . . . . . . ... ... ... 375
Q7 ° Removing/AIPOrthing « 5z 5 v 4 5 6 4 2 5 6 5 & B 5 88 55 55 5 55 65 5886 & 378
9.7.1 Removing Certain Values . . . . . .. .. ... .. ... .. ........ 378
9.7.2 RemovingDuplicates . . . . . . . . . ... ... e 381
9.8 Mutating Algorithms . . . . . . . . . . .. e 386
9.8.1 [Reversingthe Order of EIEMENtS: «, 2 « = s o o o sim as oo 5 5 s w5 o 386
9.8.2 Rotating BISMIENIS:. . . .. ctprmnapm oo 5, o0 b sfoqs s e & & w die e o 388
9.8.3 Permiting BIEMENtS « . : oo mos wum o im0 00 008 po drasi s § 5 S om0 & & @ 391
9.8.4 ShufflingElements . . . . ... ... ... .. ... 393

9.8.5 MovingElementstothe Front . . . . .. ... ... ............ 395



