COMBINATORIAL
ALGORITHMS

Generation, Enumeration,
and Search

Donald L. Kreher

Department of Mathematical Sciences
Michigan Technological University

Douglas R. Stinson

Department of Combinatarics and Optimization

Lintversity of Waterloo

CRC Press
Boca BRatom  Lomdon New York ‘Washington, DuC.



Contents

2

Structures and Algorithms
1.1 What are combinatorial algorithms? . . . . .. 0.

121 Setsandlists . . ... ... ..........
LT Cophs: .. icvivoaziiea bbb
123 Soboysleis o « o4 v v g0t om o dseusna
Whal are combinatorial problems?T | A
CENOEHIOA .« . s e e b e
1.5  Analysis of algorithms . . ., . kT
151 Avenge-cosmcomplesity . . . ... ..
1.8 Complexityclasses ., o o000 v v v v v o0 e e n s
161 Reductions between problems . . . 000
1.7 Defistrocires: . . . : cccows o s s s oo
1.7.1  Dwmdn struciures forseis - - . . - .. L
172 Dedastructares forlists . . . o - 0 0 - 000 s
1.7.3  Dwaa structures for graphe and sel systems |
1.8 Algoritbm designeehmiques . . . ...
181 OCreedynlgorthms « 24 ¢ mcv v 00 ey
1.8.2 Dynamic programming . .

183 Divide-and-conquer . . . - ... ...
L T S L S
ERCBEE 4 5oa e et e s e a e
Generating Elemeniary Combinatorial Ohjects
2.1 Comblnatorial generation . . . . . 002000 L e
27 BUDBEEE . i e e e e et e e
211  Lexicographicondering . . . - - . .- - -
222 Conyoodi o o.vei v en R
23 b-ElecnentBubsetE . . o ov v v v0 s s o ee s
2.3.1 Lexicographic ordering . . . . . . - .. .. -
232 Colexonderng ... vvavssebsivus

2.3.3 Minimal change ordering - . . . . .00 - . .



T R A 52
241 Lexicographicondering . . . .. . .., ... 52
243 Minimal change ordering . . . . . . .0 e .. 5

o -1 Rl R S 64

et A R e e 1l

Mnunﬂulnfnm.nrﬂm a7

3.0 DInMegerpartiions . . . ..o« ccne e a s 67
Wlllgm:nmﬂnmdmu 74

32 Sel partitions, Bﬂmﬂﬂudmgnumhcm ........ T8
321  Restriceed growth functions . . ..., . ... a1
322 Stirling mumbers of the firstkind - . . . o . . &7

33 Labololl o & v s v vio e as e mmd nm i s s [+]]

34 Catalan fumilies . o5
341 Rﬂmgnﬂdnmtut; Q8
342 Dthuﬂnhlmtuu]lu 101

AEE DR s e e el } 103

BRBOGIEEL 4o 4 b b e e b e ey R 10

Bulr.h'ul‘.hg Alporithms 105
Introduction . 105

-i.i h;m:rlltlnl:l.tmkul:mhm ' e ey 107

43 Cenernting all eligues . . . . . ... 104
431  Average-case omalysis |, | AFES Ll 112

4.4  Eatlmoting the size of & backernck wee . . . . 0 . . 115

B RO OONEE: 4 aela e o e e I8

46 Bounding functhons . . . . - . . ... L L 122
46.1 The knapsack problem . . . . .. . . 123
4.62  The iraveling salesman problem . . . .. ... 127
463 The maximam clique problem . . . . . . .. 135

47 Branchandbommd. . . oo vn via v en e ias 141

R DRI e e e B Rt s 2 g 144

1 e R R R L D R RER R L PP LR 145

Heurkstle Search 151

5.1  Introduction to heunistic algorithms . . . . - .. .. - 151
5.1.1  Uniform graph partition . . ... . ... .. 155

5.1 Design strategies for heoristic algonithms . . . . . . . 156
BEL HIERRE  wv o v pie n B 157
522 Simulsedamnealing . . . . 0w 0w . 158
523 TMABEaeh . s i hee b b e e e 160
524 Genetic algocithms . . . . . .. e 161

53 A sleepest ascenl algorsthm lurmlu'm :rnphp&rll'lmu 165

54 A hill-climbing algorithm for Seeiner triple systems . . 167



CONTENTS

54.1 Implementation dedwils = . . .., . .. - o 170
54.2 Computational resualis . . . .. ... .. ... 174

55  Two heuristic algorithms for the knapsack problem | 175
551 A simulsted anncaling algorithm . _ . . . . .. 175
532 Aombosearch algorithm .. 0. . . I8

546 A genciic algorithm for the iraveling salesman |'|rnh|r:n‘| 181
T T IROHEE: i e e R e 186
B o i e e T e g R 1.1
6 Groops and Symmetry 191
- RN o1
6.2 Permutaion groups . . . . . . . : b T 195
621 Basicalgorithms . ... ............ 199
622 How to store a group W e e e 201
623 Schreer-Sims algeelthm . . -, . ., ... 203

624 Changingthebase ... o0 oo v v v 211
6.3 Orbiis of subsets . . . CE N e e e s 213
[ Hunmdulﬂrmm.... 214
632 Computing orbit upmﬁeu[.ll.wt! ........ 217

6.4 Cosel representatives . . . .. . PR . 23
65 Orhitzolkduples . . . ... oo o 4
6.6 Generating ohjects having automorphisms , . . ., . 6
6,61 Incidencemarices . . o .00 v e e s 7

BT TNODEE . ooh as om i aw b m e w4 b e 132
HIBECIBEE & oo b s bmvdrt b s bah b e b v
T Computing omorphism 37
71 Introduchion . « « s s v v pem s s cs s vaaa 237
T2 TnVAKBRES . o o s i = s+ = === %+ -4+ = Fae s ad 238
73 Cu'u';puungcmlﬁ',&m ................. 245
bk R 1 P R P g . AT, 245
T2 Grwphe e v a i e Lol 253
733  Pruning with sutomorphisms o - & v o000 264

7.4 [somorphism of other structumes . . . . .. - .. .. T2
741  Using known sutomerphisms . .. - .. .. i

THAE ScbEyfetd o .o v -0 swiadaiaiaan s

TS MOME v v -vaoaebndvaas e e A A 175
o [ R T N e R ey R R P b P 175
# Basis Reduction 277
8.1  Introduction . . . . 77
8.2 Tlmetll;aldeuhmm ........ T |
B3 A nesdoced basis algorithm . .. ..o e oo - L 291

K4 Solving systems of integer equations . . . . - - .. .. 2M



CONTENTS

8.5 The Merkle-Hellmon knapsack system . . . . . - . . 300
B Mol .0 iana s liad el o S e ki
BRoiCiiOm  _ oo e e e e e TR 307
Billlography mn
Algorithm Index i
Problem Index 322

Index s



	1
	2
	3
	4
	5

