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This book is dedicated to my previous. current and future students with whom |
want to share this poem:

The basic truths in all teachings of mankind are alike
and amount to one common thing:

to find your way to the thing you feel when you love dearly,
or when you create,

or when you build your home,
or when you give birth to your children,
or when you look at the stars at night.

Wilhelm Reich



Preface

The study of data structures is an essential part of virtually every under-
graduate and graduate program in computer science. This text, in presenting the
more essential material, may be used as a textbook for a formal course in data
structures or as a supplement to almost all current standard texts.

The chapters are mainly organized in increasing degree of complexity. Chapter
1 is an introduction and overview of the material, and Chapter 2 presents the
mathematical background and notation for the presentation and analysis of our
algorithms, Chapter 3, on pattern matching, is independent and tangential to the
text and hence may be postponed or omitted on a first reading. Chapters4 through
8 contain the core material in any course on data structures. Specifically, Chapter 4
treats arrays and records, Chapter 5 is on linked lists, Chapter 6 covers stacks and
queues and includes recursion, Chapter 7 is on binary trees and Chapter 8 is on
graphs and their applications. Although sorting and searching is discussed through-
out the text within the context of specific data structures (e.g., binary search with
linear arrays, quicksort with stacks and queues and heapsort with binary trees),
Chapter 9, the last chapter, presents additional sorting and searching algorithms
such as merge-sort and hashing.

Algorithms are presented in a form which is machine and language indepen-
dent. Moreover, they are written using mainly IF-THEN-ELSE and REPEAT-
WHILE modules for flow of control, and using an indentation pattern for easier
reading and understanding. Accordingly, each of our algorithms may be readily
translated into almost any standard programming language.

Adopting a deliberately elementary approach to the subject matter with many
examples and diagrams, this book should appeal to a wide audience, and is
particularly suited as an effective self-study guide. Each chapter contains clear
statements of definitions and principles together with illustrative and other
descriptive material. This is followed by graded sets of solved and supplementary
problems. The solved problems illustrate and amplify the material, and the
supplementary problems furnish a complete review of the material in the chapter.

I wish to thank many friends and colleagues for invaluable suggestions and
critical review of the manuscript. I also wish to express my gratitude to the staff of
the McGraw-Hill Schaum’s Outline Series, especially Jeffrey McCartney, for their
helpful cooperation. Finally, 1 join many other authors in explicitly giving credit to
Donald E. Knuth who wrote the first comprehensive treatment of the subject of
data structures, which has certainly influenced the writing of this and many other
texts on the subject.

SEYMOUR LirscHUTZ



Contents :

Chapter 1  INTRODUCTION AND OVERVIEW coiininisssmerivags ssysaisassenn i
1ol Terrrod etOM. oo it et s s s r b Haia s b st hce b i o s b ek S oIS B 1

1.2 Basic Terminology; Elementary Data Organization..........coocvveiiiiiiiiaieirnne. 1

1.3 Data Structures......... R A TN s SR e R e N e T e S B 0 B AR RS 2

1:4 Data Structure OPerations: v varidsniwus dlave s sobiesdbn s ss bl se sas sdlose vomie 8

1.5 Alporithms: Complexity, Time-Space TradGafl. ... vuivvisiss.e s ssmnsmn 5§ 555 5mn s nribns L

Chapter: 2 PRELIMINARIES iow svsssmsasussonsasvninssssnsssssssssnsssess ssssssanvsinnsessssussessss 17
§ 21 I OHUCIION 5. 55 smm 1 mp s ST o e s e T TR e A s enly e oo e ren sy 17

2.2 Mathematical Notation and FURCHONS ...oouieiiiiiiiiiiii s 18

2.3 AlgOTithic INOFREON 1. b urn s oion s oimisin SR S oA A HaHa Aol b s g S0 oid Bt e 21

20 CONEO] SUPUTLBIES oy ko smns 1o smes s s sl o e s e S e a3 30 S g s o mams s 23

2.5 Complexity :of AlGOFIIMS ... coovecovesbiios smnisonnesnnas tomnon et sba SesEsaoRvesss i spnasins 27

2.6 SUDSIEOTITRITIS .1« susvitsoneive s ouiosmi iy sod bpswhmpees senit Fisanh a s sui skomsanee saaisd o 30

2.7 Variables, Data Types «ciiivewamonas N Y ) N N, TR SO 31

Chapter 3 STRING PROCESSING ......ccoveenurianne T N FE T RTLL DR TR e g 41
Bl TR A O g im0 sl b S v s T i 41

3.2 BaSIC TBENIOIOEY - . . rxovmmnevenrmpeme sy srenmemmmmm s s 7w e e o R T 41

33 STVt S TORE 505 snrvbisnysmsnms pgs s o mse sou Ry s R S5 V8 S Sy O AT TER S FS N 42

28 Chncaener DA TUBB G b b s e ot s B e ta w 46

3:5 SN OPRTRLEONE, i e b i o b AN i e 0 25 S T e S S 8 SRR A8 i i i 47

3.6 Word, PROUCSSIRIR «cpussws s vy sy st smamy s 9 s s s e s i s M s S s s mas e ssems 49

342 PasterfioMatehing B OTI RIS oo iR M iie s ia s B A B Baia g S s s bt 53

Chapter 4 ARRAYS, RECORDS AND POINTERS...... SRt vilbanguy et vuensnivowen s 67
.1 ' IDETOTUBIION i ovins s ninainisn 5ubie s s 5.0 ot s e i s s b 500 W B 0 B e s i 67

4.2 ILINEaF ALTAYS ovusvanssmmmusmsmmmsns ssummrgms s smsvssrse sat s Sbsns skt shona orarm e sd S s ns 67

4.3 Representation of Linear Arrays in MEMOTY...cocovvuiuuiiviieieiisamiimnsssesnioin 69

4.4 Traversing Linear Arrays.. i sveiassimamass svsbnssonsssvonssss 1 nnsms e i ssesses rove 70

4.5 Inseiting and BEIEURNE .ocxorussessmsmnsmsmanssvenssis 8 HHEH7 INIEERS R0 e v o7 HES DRS4S 71

4.6 Sorting; Bubble SOrt; iuomsssvimemmmmeammsvsorss vosssis oo s s siessons sosuensss 13

4.7 Searching: B Bt B i ik B S S S B SR PR 76

4.8 Binary Search.....c.cesueeeencnnmneesvmmmnsneasasssbsiansiesraarsiensasta e tesassnsia s e 78

4.9 Multidimensional ATTAYS o mwisssms sumimmimeeasiss merenarssasm s samm sy ssasvonss 81

4, 50: Polnters) Pointer IITAYS o s i s b o dositsmeonge s abm s msine s s S50 SEETEE 86

90

4.11 Records; Record Structires



CONTENTS

~+4.12 Representation of Records in Memory; Parallel PNTENE .57 0t st boiTorscen 92
TS INISIETES et vabiativias e e oo B SIE B s R A VR R A S ks 94
S Sparke MBIHIRES .. uvopmummmmsmss i s s s s e e s b s o i 97
Chapter 5 LINKED LISTS .................. —— S — PRTHEPRESEPE R A | |
5.1 Introduction ..................... R B SRS Rl B A e o, ik s s T 6 114
502 LIREED ISl s s s o e A S b M b T M 115
5.3 Representation of Linked Lists in Memory ........ooooviiieieeie 116
54 Traversing @ Linked LISl s s i smssssss st e s s 120
Jep NEArChing A EINKE BiS soum o s e s it e o Sy 121
5.6 Memory Allocation; Garbage CONECtioN ...........veeeeririieeeeee e, 123
5.7 Insertion into a Linked LiSt.....oviiuiieiiiiiiiniiiiiniiieese e e 127
o3 [Deletion Hom A LINKed BISD s s S i s Skt e 134
5.9 Header Linked Diotsi i i G i fismiams iomss smmsms s ses e s 140
570 TWO-Way LiSES ....oooviiiii e 144
Chapter 6 STACKS, QUEUES, RECURSION..........ccovcvurnen.n. e S sEeea . 164
0.1 IOTPOONEHEN  ourmuemnbumsss s oy S AT e S e s o D D T4 164
G2 SHaCES ey e R P B T R A i 165
6.3 Array Representation of Stacks .........cooeeees®eeeeseeeeseeeeoeee e 166
6.4 Arithmetic Expressions; Polish NOtation ..................cccoooooiiviiiiiiii 168
6.5 ‘Quicksorty, an) APPICation: OFf STAGKS .o i e s i S s st i 173
0.6 RECURSION: s s e et i D TR L0055 450 mmm st e o e e s s 176
6.7 Towers of HANOI ...o.oooiviiuiniiiiis i e 180
6.8 Implementation of Recursive Procedures by Stacks............................ S i 183
6.9  DUEUES: isatnmalaiagg T 188
OLLG DS il tnisnsuion mamsan s e s s s s 958 B A S 4 42 192
Gl PGS O BICE: o pmsmassrms sy i s 0 B S e i T S S e e B 193
Chapter 7 TREES. iiiivuiisitssrmmsrsmarneseesnsransasssesssssasnsssssssssssoeissssass R 214
Bl | FOOTOAUCHBI . o yovmnmocmemsnss wsessesmsins s 535510 530 S S SR B S s 5 A s s 214
Rt IBUBEYSE T RS o umsnms v oo o B e AT B 5 ot 214
7.3 Representing Binary Trees in Memory.........oooooeeoo 217
7.4 Traversing Binary Trees .o.oo..ooeeeioeie oo 221
7.5 ‘Traversal Algarithmy Tsing SUERS .. ooummamn ity i oo St i 224
10" ‘Hedder Nades; Thresds jusi it 50w e o~ H3 A s 229
7.7 Binary Search TICES ..ooiviiieniiniiiiiiieie i ee s s s e e oo 233
7.8 Secarching and Inserting in Binary Search Trees...iccoeois oo sioisissinn i 234
7.9 Deleting in a Binary Search Tree.........cccviiiiiiiiiinmnnemeoiosesoeo o s 238
PRIV 2 o 3ol S 1T O U ST 243
7.11 Path Lengths; Huffman's Algunihm .................................................. 249
Tnd2) Qounral] Trses nmrmam sy o n s i L it o R T A A oo 29




CONTENTS

Chapter 8 GRAPHS AND THEIR APPLICATIONS.......... T D A 277
TR (51 ¢ o (1 oyl v ) COR———— O T S PR L ane
8.2 Graph Theory TerminolOBY .....covuuurrrrernenmmminrrnrsssaasss st ee s s 297
8.3 Sequential Representation of Graphs; Adjacency Matrix: Path NVIATTIN oo i 280
8.4 Warshall's Algorithm: Shortest Paths ... 282
8.5 Linked Representation of @ Graph ... 286
8.6 Operaions on Oraphs ... it monesspies e smemasems sy ek S g s 289
8.7 Traversing 8 GraPh,....iuis isssesebm domime saods it adf v 8f 47 SHTITINPIRRRTEL fonemmnis 294
8.8 Posets: Topological SOTUNgG ...o.oooiivrneennn B S R T ST e T ST 297
Chapter 9 SORTING AND SEARCHING......coceve e B R SRR 318
I ) £ 11000\ 1170 ; AUERRRTRSR—————ges 308 oy SRR R e SR 318
O 220 ey P T i o e 53 PSSR S S Wi e po i WA SRR S S R SRR e 3 318
0.3 T BETRIEN SSEITE. s s s s i it o e Aals PR R e S womemas s e ma e e e SR R0 322
9.4 Selection SOrt c.iccieviercrneeaassnes e S e s i (A S SRR Y PRy 324
05 Merging «...coiimes e ssaonssmssmsmsmnemmes menrmardt i e et e S AR s 325
9 /6! IVIGFER SOl st itetitim st R R e e o B BERAR RS 328
07 TRAAIK SO wieemmamammmas FivaiH 04 00 Boe kel e oaoom oo e R F LR ST S PR T e 330
9.8 Searching and Data Modification .........coomriirmrim e 332
010 FTASHUNE vl ot iotinea it s s mmasiossmosanamnapess il o Fupemnernenbye ¥ AR SRR A o mimmns 333
INDEX ..coieneianianns RS § iR T p— s eE TeaeRe BT AEes S 341



