ToRiNG B R FE BR 1t B Wl @ F &R 3l

it ST

\, B . i
(Z&3CHR + 5 3 AR )

[ £ ] Mark Allen Weiss #

s
& /
/ =
N S!rﬂu:\llz;e:sm
Analysis
g 4

N DEHE AL e £l

POSTS & TELECOM PRESS

A\




BARLH SSE T —— C++ #iA (350w - 2 31%)

Mark Allen Weiss H1Z## 5 WHIREM S5 E LS A EHEESHITR 20 HESER 30 2t
BNEEZ—, EERANNNEHRZIE, HLHRBBERAERAIEM, SHTE,

AHRAK Weiss ZE—RAF=ERE, FIRT X T, BHRSRA THR C++ ES I,
EOMHE T MR EMNREBIE A, NMUEFEESEENTEESD, EBALEESRMERF, WA
FERERFNEFIZITRI,

EMRHE |

" EHANK TEANRE, WRS ANSI/ISO C++ IRAHE,

® STL (#RERRRE ) E2mEeESBZH,

" TEEATTIIR. KMAIIBAE.

" B TR, Be TSRS BERFEXNEREEL,

" SESEHRETFENIE, BEENS, BATSENLEHS.

Mark Allen Weiss 1067 e i bk s bUer: b Efn, DM A
Jii Robert Sedgewick, BUAEZE[EMh% Wik PR A F i 5 G ARl b bz . i MRS £
AP (Advanced Placement ) Hiit ML ARE G120 0% ( 2000-2004 ). {1 SIS 7 0] A

KR 2k . SRR

A
AA 4
PEARSON
. Addison
KRR BiKiAR: ERMEE http://www.turingbook.com Wesley
EE /AEE ML (010) 88593802
RS 7 188 / #EFEEFE: contact@turingbook.com www.PearsonEd.com

txev EEL eI e

This edition is licensed for distribution and sale in the People’s Republic of China only,
LR ETEE LI o xcluding Hong Kong, Macao and Taiwan, and may not be distributed and sold
elsewhere.

MRARREFEARKMELER (REFE, BT, ATHEBIN ) HEET,

ISBN7-115-15233-0/TP * 5674
SEM: 59.00 76

9"787115"152336">
ARHEPE HARAE M www.ptpress.com.cn




Tuning [ ELTRY T EL ST

Data Structures and Algorithm Analysis in C++
| Third Edition

ﬁ%ﬁﬁﬁﬁﬁﬁﬁ

C+Hik

( ZE3CHR - SE3hR )

[%#] Mark Allen Weiss &

\

Z ARIBHRH R

& POSTS & TELECOM PRESS

\




FHEfemgsE (CIP) g

BWEM SHEES . CHR: F IR/ (2 4. —Jbx:. ARIPEMBRE, 2006.11
(B R B EIRIERT)D

ISBN 7-115-15233-0

. %.. 0. 4. 1. O¥ESH--BM X XQEEMT —BH —KXOCES—
BRiit—#M—%3x V. TP311.12

B A< B 518 CIP $E T (2006) 3 104268 5

maRE

AV REEEMMAEIOZREM, BPEAEZROBFONHES CHHEVRANEINES. #
TNARTER. K. BT AL BEIR. AT HFE. AHRERE. BISEE. Hika. S5kl
vy BEEST. ERMEE, k-d RAACHHES . A BE SRR & AR A 1 H0R 45 R AT
FRAEFESPTRENEN . SREMBBSHRBETUMAARE | B~5 9 5, ZENREIE TR
B 10F; HIRARESIRETLUERS 6 E~% 12 ZEHAE,

A R E R BRI RS
MIRGEHENES—C+H #iR (GEXER - 38R
¢ = [Z&)Mark Allen Weiss

TfERE BER

¢ AREPEHBAHBET  ERHEXRSEHE 145
#R4%s 100061 BTRMH 315@ptpress.com.cn
Rk http://www.ptpress.com.cn

eI S IR ERR) BNl

FERIE BIEILR RTINS
¢ FF4&: 800x 1000 1/16

Eigk: 37.75

¥ 750 FF 2006 4E 11 A% 1 kK

EN¥: 1-3000 Mt 2006 F 11 BIbEEE 1 REDRY

ZENARAZIEE BE: 01-2006-5377 &
ISBN 7-115-15233-0/TP + 5674
EHr: 59.00 7T

IEERE AL (010)88593802 EPEFREHLZ: (010)67129223




e A = B

Original edition, entitled Data Structures and Algorithm Analysis in C++, Third Edition,
0321375319 by Mark Allen Weiss, published by Pearson Education, Inc., publishing as Addison-Wesley,
Copyright © 2006 by Pearson Education, Inc.

All rights reserved. No part of this book may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, recording or by any information storage
retrieval system, without permission from Pearson Education, Inc.

China edition published by POSTS & TELECOM PRESS Copyright © 2006.

This edition is manufactured in the People’s Republic of China, and is authorized for sale only in
the People’s Republic of China excluding Hong Kong, Macao and Taiwan.

45 3 AR i Pearson Education Asia Ltd SHAX FHE B MR A ISR AR . S48 AR B i
T, B LMER T S s A

R FFEANRICHESA (B, B IHTRE NS BBERA) B RiT.

A 45 W54 Pearson Education (354 3(E HARER) BOLEH AR, TR EHE B,

AT, BALLR



ar. 2.
HY ]

B &/ B 5

ABEMISE T #48 LMFHE A7, BIHGURBHEE K5 A0 @ 1T e vt . B
U E LR ORISR, X T RS AEXEMALGENEFNHE KL/ HREY. AR
PR, B TERMARMRANIEFIBEY BRI, BIHX B R E R a . @i 7E 5L
Prgm2 2 AU ST 4T, AT UME —MEENBEREIAT. i, EXBhRATE
B LAF R, JF T RO RS0 fT RS HE AL B K BEERII TA N 16 EREARE) 1 8.
B, ABFRRKFIERBIR S BT BT T 47 RS T, R T %W
SEIRIBAT B[] F) — SN R 1S

—BEHiE TR, BRERBERERT. ME T ENIIREN HRRK, ST SR R i Bt
HRK, BREESR, TRERFREMBRNETF. 00 EORERSFEWHARFIHRE
RIS IRIN k2R B & HEAHTRE S, MR T KX b B B B R AR

AHiEH TZW&E@%ﬁﬁﬁ%%ﬁﬁﬁ%ﬂ%i%ﬁ&ﬂmﬁﬁﬁo ERABRFENZR
HHEREHEF AR, AR, BRRE RN SRR R, D8 EA BN
Fdanin,

%

BRENPHABTRKESHBREESTLAN, B, BFERH TR EEMHEMEENIES.
EWMPBZRHE, BRITARBEFET C+.

CHEZMARAHRENERMES . RTBET WS CIEEMIEEFESMEZ S, CHiE
RETHEGH CERBIR) K STIh 5 R K70 1038 I SR 44 . '

BEXTRRAENISRHFE CHAEBFI GG FRAKEE Crr s #4s
PRI, ERBERDXAFEHZ RN CESEESNEME IR A,

BAVRABITTIER LR T4 R 695 2R IER TP A2 X B, AR50 LT3 4 F B8
BATR A REBR R BB G . BE SR TREE G FHERI CHASE, TR0 A
C+Hf] vector Ml string . KA CHITHARRMERIU AR BE 1 B 5 F ik g
HEATRERE. ABUREE LI T RB, HERH AR 108 0 5 S B I, 2
TREW], XR—MEFTE, HRIF T ERE N THREN M, %550 158 3R O e
AR, TER MR RBRAE A — D tkER, MABSBENNSHSET. AHE 1=
SBHBFABIN CHARMMT TG, HHR T BER I 5. M A ik T EE



2 AT

un\;

KR, AT oBEmE.
YA Java fl C+HPFME S #R R BIRS W T ERAERREMN LA 2. RAVERRUB%R
W3 BB IX P ARE 5 R A B R A E e 8 .

EIMPHEETK

B3P RE T RENHREIE, FEBPRARSEWHLL T EITREHTIEN. 5
bb, ARREA LT LT E A

o BoREPTHRBAM T EH LUEN IR CHFHE.

B3 BT TRENEIT, HEITR TR vector Ml list KA RIEH. W
vector RFEHAh IR SIS P AL

®AFBTRRETRT set M map KT, FHFBIL AN ROFFAAT EMNES
AR PR . 658 9 BEhBEE T — MEARE map FR IR E KB E %I
BlF

7RIS T bRt sort ik, Hp B — AN X FLHERIIRME sort BEHY RIOETT.
TR OIRISMELHAT T Rk, A% T 5REURI S BRIFE XN IEE.
BUTEMABITLUEREELLFEEARS, TARSEHAERE CH.

RAHER
B 1 B EBH BN — AR  BAME RRB I M — Mk R R R S — S 47

WIRE. Bk, BRESES BH, BARAFBE—HORATH. B 1 ESENET & CHIRE,
TENSS CHERMIRM T M, B&E CHERT PR EEEHNIHE.

B2 EWREEMT. X—HER THEAHAEHEES . XERETHZHT, A
RS BOBAT I 18] O BR A FRRE o Sk B O 30— 18 B3 AR PR R A RS AR, XTSI AT A0
R—BENBTERROSERETF, PTEEEST CRARBHER) EREHE 7 SHEMM
#IT .

3 HAME. MRS, X— = UETHRAHT T KB 0BT, BAERETXT STL
vector Ml list KHJiTie, BFEHFERKNINE, HHIBRMET STL vector il list KHWEETF
£ WL

B4 TR, BAESRE, GEABERN (B R, UNIX A RAMZ kR I
KBIT B REENAT AVL R ER SN SO T i AT 2 12 B
WEAS LR, W RFRBIER, EERE 10 EiTit. S AR L AKIE L 5 L
BRI RE R ER B, I F MM RX STL set Al map 20018, BIE—A PR T ff
156 A 53 8 1 S G R M R R 9

B5 BHANEE, EFESBOIR. KRBT T, FERRBITR T AT RES.



B

wh

3

%6 EREFREMFIN ., & —HEVHET — U8, THHMMAZ, BBRENFIIL
Bib LRHBNKIT . SRR 11 e, RRHEAER 12 6.

37 ERHIT . CRXTREAWRA NIRRT, 18Il T i BE B
HEPSEE . SHBAHEF . /R SRR R SO Sk TUR ST T M T, X —
KR T S

% 8 TR AN RIS SGE T . 3% 64 FLA 9%, SR8 Kruskal SLEA 0
X — Bk

09 WIHREIEH Y, MIRHE L FTUEE, TR EA SR B, T FLB e
RINGSEAT I R BB T BB S5 O HOM 240 . SR b T bt B A AR S 0 MR 440
OO AR RIE AT 5110 5147 R AN Y. S LI B BRCAE— A58 SR it i, o
TR (15 NP SRR AR MRS e.

3 10 SR A W BRMBTTRA FER o XA RRIED . KR
WA AL T 0RFS, 2 At B AR A S L ARSI 45 ) BRI«

5511 SARIE ST, A5 4 FRG 6 B AR L M LA R A 0 S D17
T 5.

B 12 IR ERMAL, kd RARXE. FRTIMEE, X540 T SRR AR
HESERMFANITI, AR ZH BT T LU — Lo AAA SR TR0 2 b, Bit,
%12 PWATIA FORMITLR (F 4 B0 AVL B—gitie.

B 1R 9 WHRE M SRS RN T LYK RN AT, 8 10
FEHLAT LM HERER . BFEM A AT LSS 7 BB 1 ERAA. 8 11 Sarh
R BUR LA T LR 28 S T AT & 9 F 5. 38 9 St NP Rt b AL Wi, MET
AREFIT SRS BTVRRR . BT i3k NP 554 M i 20 A0 SN 75 K A A2

3]’

BEA BRGNS IESCHYHE A A RO AR IS AL . 485 1 ST LR IE — B4 — B ok
MR AR RO —IREIEH . BRROTEFE 2D, EENIERE A LS.
B %30k

SETBMTEENRE . —RUK, RESE RIS BT B, RSB b B
SRR, SRE LR BRI G RAOT RABGE . AT T — 18 ) S v

*hFERARY

BT B #R AT LUZE www.aw.com/cssupport 35758 5 F [ 1 4h 76 4
o Bl FRIFEFAG.



4 B

o

A, BUF A RLET A Addison-Wesley BT ¥ ¥E S0 (www.aw.com/ire) 3R7E, {HRXI4
A B X B BRI BT . #UF AT LAYG i) Addison-Wesley FCI#0UT %5 9 00 BR ) 448 9  Addison-
Wesley {UFR HiE F XL E

o BN SIEHEE.

o HiE.
Bt

ERNTUMEERHER ST, BB B AR . B2 A LA B AR AR50,
WA — L.

IR —+f, Addison-Wesley i1 % FAUER A BRI SESREMBEN . BRIEEE N 2
#5148 Michael Hirsch 130 ¥%%%8 Marilyn Lloyd. FiEARRE Paul Anagnostopoulos Hith7F

Windfall Software [/ 3, /&b 1M & THER G BRI . SR EROEE Jill, i
AT — ).

Boja, BOBARUB T RIIBEE, A1 R i TR 35 i B T R o ) — L4 R R0 5 & > &b
FHIPITT http://www.cis.fiu.edw/~weiss ¥4 5 FHH (CHI. C LK Java B RS, Bhig
F UL R $5 A1 3R 38 1) B4R 45 i — AV

Mark Allen Weiss
T35 25 BN 1A N 35 i 28



Chapter 1 Introduction

1.1
1.2

1.3
1.4

1.5

1.6

.7

What's the Book About? 1

Mathematics Review 2

1.2.1 Exponents 3

1.2.2  Logarithms 3

1.2.3  Series 4

1.2.4 Modular Arithmetic 5

125 ThePWord 6

A Brief Introduction to Recursion 7

C++ Classes 11

1.4.1 Basic class Syntax 12

1.4.2  Extra Constructor Syntax and Accessors 12

1.43  Separation of Interface and Implementation 15
1.4.4 vectorand string 17

C++ Details 19

1.5.1 Pointers 19

1.5.2  Parameter Passing 21

1.5.3  Return Passing 22

1.5.4 Reference Variables 23

1.5.5 The Big Three: Destructor, Copy Constructor, operator= 23
1.5.6  C-style Arrays and Strings 26

Templates 29

1.6.1 Function Templates 29

1.6.2  Class Templates 30

1.6.3 Object, Comparable, and an Example 32

1.6.4 Function Objects 34

1.6.5  Separate Compilation of Class Templates 35

Using Matrices 37

1.7.1  The Data Members, Constructor, and Basic Accessors 37
1.7.2  operator[] 37

1.7.3  Destructor, Copy Assignment, Copy Constructor 39



Contents

Summary 39
Exercises 39
References 41

Chapter 2 Algorithm Analysis
2.1 Mathematical Background 43
2.2 Model 46
2.3 What to Analyze 46

2.4 Running Time Calculations 49
2.4.1 ASimple Example 49
242 General Rules 50
2.4.3 = Solutions for the Maximum Subsequence Sum Problem 52
2.4.4 Logarithms in the Running Time 58
2.4.5 Checking Your Analysis 62
246 AGrainofSalt 63

Summary 63
Exercises 64
References 69

Chapter 3 Lists, Stacks, and Queues

3.1  Abstract Data Types (ADTs) 71

3.2 The List ADT 72
3.2.1 Simple Array Implementation of Lists 72
3.2.2 Simple Linked Lists 73

3.3 vector and list in the STL 74
331 Tlterators 75
3.3.2 Example: Using erase ona List 77
3.3.3 const_iterators 77

34 Implementation of vector 79

3.5 Implementation of list 83

36 The Stack ADT 94
3.6.1 Stack Model 94
3.6.2 Implementation of Stacks 95
3.6.3 Applications 96

3.7 The Queue ADT 104
3.7.1 Queue Model 104
3.72  Array Implementation of Queues 104
3.7.3  Applications of Queues 106
Summary 107

Exercises 108



Contents

Chapter 4 Trees 113

4.1

Preliminaries 113 7
4.1.1 Implementation of Trees 114
4.1.2  Tree Traversals with an Application 115

4.2 Binary Trees 119
42.1 Implementation 120
4.2.2  An Example: Expression Trees 121
4.3 The Search Tree ADT—Binary Search Trees 124
4.3.1 contains 125
4.3.2 findMin and findMax 125
433 insert 129
4.3.4 remove 130
4.3.5 Destructor and Copy Assignment Operator 132
4.3.6  Average-Case Analysis 133
44 AVL Trees 136
4.4.1 Single Rotation 139
4.4.2 Double Rotation 142
4.5 Splay Trees 149
4.5.1 A Simple Idea (That Does Not Work) 150
4.5.2 Splaying 152
4.6 Tree Traversals (Revisited) 158
4.7 B-Trees 159
4.8  Sets and Maps in the Standard Library 165
4.8.1 Sets 165
482 Maps 166
4.8.3 Implementation of set and map 167
4.8.4 An Example That Uses Several Maps 168
Summary 174
Exercises 174
References 181
Chapter 5 Hashing 185
5.1 General Idea 185
5.2 Hash Function 186
5.3  Separate Chaining 188
5.4  Hash Tables Without Linked Lists 192
5.4.1 Linear Probing 193
5.4.2  Quadratic Probing 195
5.4.3 Double Hashing 199
5.5 Rehashing 200



Contents

5.6
5.7

Hash Tables in the Standard Library 204
Extendible Hashing 204

Summary 207

Exercises 208

References 211

Chapter 6 Priority Queues (Heaps)

6.1

6.2

6.3

6.4

6.5
6.6

6.7
6.8

6.9

Model 213

Simple Implementations 214

Binary Heap 215

6.3.1  Structure Property 215

6.3.2  Heap-Order Property 216

6.3.3  Basic Heap Operations 217
6.3.4  Other Heap Operations 220
Applications of Priority Queues 225
6.4.1  The Selection Problem 226
6.4.2 Event Simulation 227

d-Heaps 228

Leftist Heaps 229

6.6.1 Leftist Heap Property 229

6.6.2  Leftist Heap Operations 230
Skew Heaps 235

Binomial Queues 239

6.8.1 Binomial Queue Structure 240
6.8.2 Binomial Queue Operations 241
6.8.3 Implementation of Binomial Queues 244

Priority Queues in the Standard Library 251
Summary 251

Exercises 251

References 257

Chapter 7 Sortiﬁg

7.1
7.2

7.3

Preliminaries 261

Insertion Sort 262

7.2.1
7.2.2
7.2.3

A Lower Bound for Simple Sorting Algorithms 265

The Algorithm 262
STL Implementation of Insertion Sort 263
Analysis of Insertion Sort 264

213

261



Contents

7.4  Shellsort 266
7.4.1 Worst-Case Analysis of Shellsort 268
7.5 Heapsort 270
7.5.1  Analysis of Heapsort 272
7.6 Mergesort 274
7.6.1  Analysis of Mergesort 276
7.7  Quicksort 279
7.7.1  Picking the Pivot 280
7.7.2  Partitioning Strategy 282
7.7.3 Small Arrays 284
7.7.4 Actual Quicksort Routines 284
7.7.5 Analysis of Quicksort 287
7.7.6 A Linear-Expected-Time Algorithm for Selection 290
7.8 Indirect Sorting 292
7.8.1 vector<Comparable*> Does Not Work 295
7.8.2  Smart Pointer Class 295
7.8.3 Overloading operator< 295
7.8.4 Dereferencing a Pointer with * 295
7.8.5 Overloading the Type Conversion Operator 295
7.8.6  Implicit Type Conversions Are Everywhere 296
7.8.7 Dual-Direction Implicit Conversions Can Cause Ambiguities 296
7.8.8 Pointer Subtraction Is Legal 297
7.9 A General Lower Bound for Sorting 297
7.9.1 Decision Trees 297
7.10 Bucket Sort 299

7.11 External Sorting 300
7.11.1 Why We Need New Algorithms 300
7.11.2 Model for External Sorting 300
7.11.3 The Simple Algorithm 301
7.11.4 Multiway Merge 302
7.11.5 Polyphase Merge 303
7.11.6 Replacement Selection 304

Summary 305

Exercises 306
References 311
Chapter 8 The Disjoint Set Class 315

8.1 Equivalence Relations 315

8.2  The Dynamic Equivalence Problem 316
8.3  Basic Data Structure 317



8.4
8.5
8.6

8.7

Smart Union Algorithms 321
Path Compression 324

Worst Case for Union-by-Rank and Path Compression
8.6.1  Analysis of the Unior/Find Algorithm 326

An Application 331
Summary 334
Exercises 335
References 336

Chapter 9 Graph Algorithms

9.1

9.2
93

9.4

9.5

9.6

9.7

Definitions 339

9.1.1 Representation of Graphs 340
Topological Sort 342

Shortest-Path Algorithms 345

9.3.1 Unweighted Shortest Paths 347
9.3.2 Dijkstra’s Algorithm 351

9.3.3  Graphs with Negative Edge Costs 360
9.3.4 Acyclic Graphs 360

9.3.5 All-Pairs Shortest Path 364

9.3.6  Shortest Path Example 365
Network Flow Problems 367

9.4.1 A Simple Maximum-Flow Algorithm 367
Minimum Spanning Tree 372

9.5.1 Prim’s Algorithm 373

9.5.2 Kruskals Algorithm 376
Applications of Depth-First Search 378
0.6.1 Undirected Graphs 379

9.6.2 Biconnectivity 381

9.6.3 Euler Circuits 385

9.6.4 Directed Graphs 388

9.6.5 Finding Strong Components 390
Introduction to NP-Completeness 392
9.7.1 Easyvs. Hard 392

9.7.2 TheClassNP 393

9.7.3 NP-Complete Problems 394
Summary 396

Exercises 396

References 404

325

339



Chapter 10 Algorithm Design Techniques

10.1

10.2

10.3

10.4

10.5

Greedy Algorithms 409

10.1.1 A Simple Scheduling Problem 410
10.1.2 Huffman Codes 413

10.1.3 Approximate Bin Packing 419

Divide and Conquer 427

Contents

409

10.2.1 Running Time of Divide and Conquer Algorithms 428

10.2.2 Closest-Points Problem 430
10.2.3 The Selection Problem 435
10.2.4 Theoretical Improvements for Arithmetic Problems

Dynamic Programming 442

10.3.1 Using a Table Instead of Recursion 442
10.3.2  Ordering Matrix Multiplications 444
10.3.3 Optimal Binary Search Tree 447

10.3.4 All-Pairs Shortest Path 451
Randomized Algorithms 454

10.4.1 Random Number Generators 455
10.4.2 Skip Lists 459

10.4.3 Primality Testing 461

Backtracking Algorithms 464

10.5.1 The Turnpike Reconstruction Problem 465
10.5.2 Games 469

Summary 475

Exercises 475

References 485

Chapter 11 Amortized Analysis

11.1

An Unrelated Puzzle 492

11.2 Binomial Queues 492
11.3 Skew Heaps 497
11.4 Fibonacci Heaps 499

11.5

11.4.1 Cutting Nodes in Leftist Heaps 500
11.4.2 Lazy Merging for Binomial Queues 502
11.4.3 The Fibonacci Heap Operations 506
11.4.4 Proof of the Time Bound 506

Splay Trees 509
Summary 513
Exercises 513
References 515

438

491



Contents

Chapter 12 Advanced Data Structures and .
Implementation 517
12.1 Top-Down Splay Trees 517

12.2 Red-Black Trees 525
12.2.1 Bottom-Up Insertion 526
12.2.2 Top-Down Red-Black Trees 527
12.2.3 Top-Down Deletion 531

12.3 Deterministic Skip Lists 535
12.4 AA-Trees 540
12.5 Treaps 547
12.6 k-d Trees 549
12.7 Pairing Heaps 553
Summary 558
Exercises 558
References 563

Appendix A Separate Compilation of Class Templates 567
A.1  Everything in the Header 568
A2  Explicit Instantiation 568
A3  The export Directive 570

Index 571



