Undergraduate Topics in Computer Science ;
Series Editor: lan Mackie 1 a

K. Erciyes UTiCS
Discrete Mathematics and Graph Theory

A Concise Study Companion and Guide

The study of discrete mathematics is one of the first courses on curricula in various
educational disciplines such as Computer Science, Mathematics and Engineering.

Graphs are key data structures used to represent networks, chemical structures, games
etc. and are increasingly used more in various applications such as bioinformatics
and the Internet. Graph theory has gone through an unprecedented growth in the
last few decades both in terms of theory and implementations; hence it deserves
a thorough treatment which is not adequately found in any other contemporary
books on discrete mathematics, whereas about 40% of this textbook is devoted to
graph theory.

Employing an algorithmic approach, this clearly structured textbook/reference pre-
sents a comprehensive review of the fundamental principles of discrete mathematics
with emphasis on graph theory. It aims to be a study companion and a guide for
discrete mathematics and graph theory.

Topics and features:

« Provides a detailed and concise review of the main concepts of discrete
mathematics

» Presents a focus on graph theory concepts

« Surveys main algorithmic methods

+ Employs algorithmic solutions to many discrete math and graph theory
problems

o Includes chapter summaries, end-of-chapter review questions, numerous
examples, and exercises

This unique textbook can serve as a comprehensive manual of discrete mathematics
and graph theory for Computer Science or non-CS majors. In addition, its easy-
to-read chapters, filled with examples, make it a highly useful reference and study
aid for professionals and researchers who have not taken any discrete math course
previously.

Dr.K. Erciyes is a professor of Computer Engineering at Uskiidar University, Istanbul.
His other publications include the Springer titles Distributed Graph Algorithms for
Computer Networks, Distributed and Sequential Algorithms for Bioinformatics,
Guide to Graph Algorithms and Distributed Real-Time Systems.

ISBN 978-3-030-61114-9

49

303006111

917 8

» springer.com




I Fundamentals of Discrete Mathematics

BORAC . . & i e R e T e e i e e i SN B AT S 3

1.1 ProposiBOm BRI & = b e e e . e e s 3

LEE “Conpounil Propositions = .- <0 7 oS N

1.1.2 - ConMBROREE SERENSRIL 3 > 0 s e S

1.1.3 . Biconditional Satements .. =150, UL, Lo Y

1.14 Tautologies and Contradictions . ................ 8

115 BOniuleleel- . v it s P o i aat s i 10

116 A LR OEERERIE oo ooy T e i e e e s 12

1.2 ProdioB EORR s s e s T 14

B g s e N R U e ) 15

1.2.2  Propositional Functions with Two Variables. . . ... .. 16

L2331 BN S e B o e g b 17

1.24  The Universal Conditional Statement . . ........... 18

1.2.5 The Existential Conditional Statements ........... 19

1.3 Reviggv ORMSENRR . - = 5 i e v 20
14 Chlpler RIS - s T i o T s i 20

2 Prools . i R R e R R L e S e 23

2.1 AR S TR S i e L e i e 23

ZET “RuleS o Inlereniee . . . - i v . v s 08 sa i 23

22 TR - s SRR T TR 27

22 B g e R R R R 28

53 CORBRRORIINE = o o s s O R e 30

2.4 Proct by Comtradibtion & -2 s e e 31

2.5 Proving Biconditional Propositions. . ... ................ 32

2.6 Proofs Using OQuehifiens: - .-~ .. . o o 0050, L 55 33

2.6.1 Proving Universal Statements .................. 34

2.6.2 Proving Existential Statements. . . ............... 35

A PROOEDEE I i e g o 36

2.8 Reviow URBBHONS . 7. - il i mas il s vdut B s v i 37

29 CRODIEY TNOERE =& i i L DS A s 38



AN . . i e

3.1 T R e RS e S e e
3.1.1 - Peeudocode Convennon-. . .. .= ... x5
3.1.2  Assignment and Types of Variables. . . ... ..
313 DRI e
R E B T R e e e s S
3.1.5 Functions and Parameter Passing . . ... .....
32 DREC IR DENOINEE . . s s e
3.3 o PR B RGN e (el S DB B
SO BN e ki
AR TR SO R S G S e a G
34 AR L T e e
3.5 TR T e Rt RS S Re Bl . R e S
CRIERRE 2§ cd A o SaRaCs W G e SN r O,
352 Geeady Metholl oo et s ik
3.5.3 Dynamic Programming . ................
3.6 DHECull PrOBIBINS - - i dikii sotlissida v 5 oiit
3.7 Review DDCSBORE = ool o s v viin it o bisie s
3.8 CHEDERY NOIBE . . Cahaeibe s sk
T S e s e G e R s e e S
T R e R e B e R B S AR e ARt A S
4.1 ERRRIONE S i e e e A e S
LA sk T T mess i esiog ok b et ain. Sals
W2 - ChhhnaRly o B oo e T
4.2 I L e A e R e
4.3 0 TR E T il s A R L ey i g O
4.4 SN O e s
441 R eIt e s i
e e T T S S e e R I A S A
4,43 Operation Peseadaice.. - . .. . o iowewsnenh
4.5 Laws ol Dot Thomy. .- . . inmeiiat auraalisl - 245
4.6 Proving SetEgualions. . .7 i« . . nvilands —b it
@01 - The Bieteemt MOl - ;- o iiars ixoids
462 -TheTabiilar Methiod . . ... 7. coicsacany s
46.3 - The Algebrasc Method o chicai s ol w v
4.7 Review Queshions ;. ot dasm it busicsich wio e
4.8 Chapter NoE - . .00 v s el ey ww s b e
ReEferontes . .. . ol chiianed s s ot o v 5 e
Relations and FancHnmll . . o
B | 5T T AR RNl S T R PR P S S S et O,
o B b R S R e e et S ok

212 Inverse ol A REIBhON . . i s



7.5 BT T e RS R g R S D SR e o e 139
7.6 Representation of USRS o5 5 oivau s B0 0.0 143
701 By Oy 0 v e ik sa L v 143
Tz HEEOECHRO OYBIEI .  ah b e 144
7.7 Introducton 10 CeyplDRiably - 5L s lconn o, 080 o0 144
Tk Dific-Hellman Protoeol .= s v oiis, b ie iy i 146
Ll NSRS o Tie it s s s Kok dw s an oe 147
7.8 Boview DesBONE = i i s o i s i e s 148
7.9 T A e S N SRR SR e T~ L O 149
R 3 e s RGBS L T SRR T e SR | R I P 150
Colnting S0 ProbDabiRY . .« .o 0 v v b i s 151
8.1 TR R TR e e e e s (G R R 151
8.1.1 Prnciple of Inclusion-Exclusion ................ 151
812 - AddiveLOmimgPuncmie ... . . 1. ... 153
8.1.3  Multiplicative Counting Principle ............... 153
814 . 1he Pigeonhole Preple © i il il vvaniss 155
LD DU o o5 BB R A s v s 156
S$10 - CONENBMIBRS . . . . 5 ameanat s e e 158
8.2 Discrete Probablley= o sosuind Sibiah i o i 5 o 163
$2.1 Probabahity Meaien. co7 ook eas o & 163
5:2.2 - Indopeancent BENeIME. sl S Aol e 165
82.3  Conditional-Prabability - 6oy Jil il a0 ., 166
824 TR IR i Rt d 167
S2.0  Rangom-VaRess b s sl B b 168
8§20 - Stochastic ProoeInes . ... oo o anoie. oonhis 170
8.3 RO EwW NS o e RO ik 171
8.4 ChapterNoles ..o Blises Sdamninanid . .58 i 171
Boolean Algebras and Combinational Circuits . . . ... ... ....... 173
9.1 BOOIERR MIBEIERR ot i s s e e s 173
011 POt DY . . o i e G 175
CRBERE T R L L T R iy s R R e 176
D13 SOOI PO . v e o vo e sl 176
B34 POONCt S FORIE . i oo s i 178
815 COonvemions . . ... oS ol o Gensvanad s 179
010 BRGNS . 180
9.2 CODIAORN CRERME . - an s e 183
Gl s . B e S s o 184
9.2.2 Designing Combinational Circuits . . ............. 186
S R T N B G R S S P S 190
9.3 REVIBW ARIBREHONE . o o] it s R A T e - 193
94 Chapler NOIE . i v s T oo i s s 193

Reference . . . v il S i st e Bl A R TS 195



0 Introduction to the Theory of Computation . ................. 197
Wl “tanwuases 1 F i iR s i v e 197
102 FoeSIeMeelmes - . i s e i e 198
103 FiniioSae ASOmall . . ... S I e et 201

1050 AnaliRe s e ERE SR 201

10.3.2 Designing Finite State Automata . . .............. 203

10.4  The Relationship Between Languages and Automata. ....... 204
10.5 Nondeterministic Finite State Automata ................. 206
106  Begilar PRENEIONE = - . - et s 208
(i By R T T T S e R R SR S e e T N 209
108 ConmpleRiby TINY - . e e e s 212
0B B e s . i s e b 214

S INCODIRIBROEE . s e e e 215

10.8.3 Coping with NP-Completeness ................. 216

109 “ Revie QO . 0 it e e b v e 217
1010 THRNEENOIE T b s v sy e s e e 217
LT T e B S et D e S SRS e R i R 218

Part I Graph Theory

It Inrodictan o GRaphe . ... .. i . e P e 221
1] - oY o L e R BT s s i 221
HZ NGl b ey i b 222
FIZEY DepaSomeliol o i it A 224

113 " IGEa RS T i e 224
114  Bepioscnbitiom i SUal . - i s e e 225
HAS ARy M v s i i 225

FEA0  ADRERROY NI o vy o w s tissist s s 226

FIAS IobiaEnte MMINE - o . e s 227

115 SO ) o s et s 227
116  BVpek UF CHIEBNG C e v o e e 228
Gl - Combee Ul s cci iy ies s v 228

T182 Waldhted thaoli - = 5 o 0 s e 229

HEY B LNE. - o i e 229

FE LT R ST TN e e N St S e e 230

FLUDS TSI s oy i e 230

1L ORh OB e i s s s 231
YL SO IO . i s i et 231

Bl GRbhTIREEOOn & o v v v o s vy s 232

H2 - TN st e e 232

11.7.4 Cartesian Product



12

13

1E8 . ConhBolVRY . . . SEHUEN .7 08 s 201 S pai A S o TR 234
Y DR i i e P R i 234
IEE2 COmNCIiE - . o s SR, BRI el 235
11.9: - Naph OGN 2. 06 5 o SRR TR e 237
1110 Review Oeslions o= o st A W 238
1111 Chipler ROIBE T SR e i e s o v e 239
Relerences - L s R e N LT O SR Al 2 241
cE, 0 E O Ben. o e R R P e 243
15l Dehmtions MRS PRODETREl = . .. . . o olascieaar s om pa 243
poegsaRe T T R e s el (e npt et 244
12500 TR LIV - i v i e o s 245
1222 TORIOMMETEIVEIRAL . . 5 v cidier v sy v 245
123 BY TR o b i it by v s gt e v e 245
124 Bty SOUIOR T8 0 1 0 i o e v s 247
125 Hepi-TI-SBll i) i v o me g s v e 249
126  PRIOFN BRI . i i b e g A b 251
AR L e R R e S SR S R RO e 253
12.7.1 Unweighted Spanning Trees .. .. ... ... .0 civ. e 253
12.7.2° Mimimum Spanning Trees . . ./. .. .j .. ...oovios .. 254
128 - Review QUestions . v oo s Sl b B ens 259
Y Chapler N - ooi s v e o s i SRR v d 259
Referenies .. i - ihis v s At v e R s Pt b ve v d 262
LT T N R e SR R e, S s e S e 263
B R S N R s e R e O 263
132 - NI i ks e R R N A s e 264
13.2]) Unwoinhie] MalchIng = - o0 i 264
1322 - WOshel MNERIE . - o s v ik psm v inn 267
1323  Bpatite Graph Malehing - .. ». . . ... i o0 cinen 269
133 “TONCUCHONI-SIRE . e e i e i 4 269
EE RS T R S O e e e e i 269
134 DRI I i i s ke 271
LEES Gt R e N el SRR DI 273
13 TS N S S g e s s i M e a 274
FDE VRO . -5 s i s et hetes 274
E302 BRI - . i i e s i b b e 275
Bl N M o i T i i fhrh e a4 278
3301 Unweighted Verex COVeE: i .. oo in s cnv oo dss 278
1302 -Weghind VeI EOWY. . 70 v svvvmwirwas san 280
1537 oW ORI - 55 o e i ca e e i 281
K B - e e I e e 282
L e S Rl S S e IR e e L 285



ntents

XV

4 Connectivity, Network Flows and Shortest Paths . . . .. ... ... . .. 287
Wl BRI e e 287
111 e s TOeOIeIns - 5o e 290
NI 10 T e e 290
LR o Len T e e S A el e e e e 291

14.3.1 Strong Comnectivity Check ... ................. 291

14.3.2 Finding Strongly Connected Components. . ........ 292

44 - NOIWOIE BIE . 0 v i ov chais s s st s s e 295
1341 ALl Ml .-« .. 296

AL RN s i e 296

14.4.3 Ford-Fulkerson Algorithm .................... 297

1444 BipartiteGraph Matching . . ... ... ... .......... 298

145/ Al CORONIY. -0 o v s i vl sas v 300
150 IR DA v oo i e o 300

1452 Noahiadd Laplaman .= -« . - i v 301

B B GRS e, SRl v s e S 301

146 - Sholem PBRE = i ol s i e e ek 302
147 CR IR i it i b s 304
REoNels s s e e e g 306
15 Geaph AW . . . v e i s it e e 307
153 Aptiysin of Lampe ol - .o 0 i i e 307
15110 Dearmo Dol .0, s e 307

I5L L i i P e ey v 308

1513 NarRmE e . e S e i 310

IS1A4 Ol 5 s i s s e e 311

1518 Neovark MRl - .. i 312

152 TN ol i in Rl ks s e e 313
LBy s e N RS S TR S 314

1522 Vv Rk SRRl - o i s 314

153 -AdBoc Wihnless DHEWOIER 5 . ;- . . i S s i s 316
1531 [Bonting s boe Nefworks .. - ... oo s 317

15.3.2 Clustering and Spanning Tree Construction

YR . FOIRReE s SN S A el e O SR 319

154 Biolopical NEERE - 0 s e e e 321
IS4 1 eI MIOBEE . . o v s e 321

1542 Nebwonkk ARERment - .« .o - i s eaa 332

155 - SoGNEINEIRN . o s i s e ks 323
5 5EES T T S e e S e e e 324

153 SN - e e ey 324

156 Rovew (HRSHONE - o s e el e 325
157  CHOMSENGIEE . s s i e e R 326

T R AL G SR T T SRR e Pl gy e Sl L 328



