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Terms used in solutions are usually listed only if they are not used in the respective problem

statemements. Page numbers in bold indicate definitions.

addition, 9, 11, 32

algorithm, 23–25, 29, 123, 196, 216, 217, 225,

235, 249

non-deterministic, 230, 249, 250

alphabet, 3

bounded size, 6, 103

input, 7, 18, 34, 41

one-letter, 9, 11, 13, 40, 43, 45

output, 18

queue, 44

stack, 34

tape, 41

antipalindrome, 12, 17

arithmetical expression, 28

automaton with a queue, 44

binary counter, 103, 233

binary expansion, 75

binary power algorithm, 112

breadth-first search, 121, 202

cell, 41

Chomsky hierarchy, 48

closure properties

of complexity classes

composition, 51, 241

Kleene star, 51

of context-free languages

concatenation, 27, 130, 151, 183

homomorphic image, 30, 146, 148, 181,

184

intersection with a regular language, 31,

37, 146, 149–151, 154, 157, 181, 183,

184, 193

Kleene star, 27

non-closure under complement, 31, 32

quotient by a regular language, 37

reverse, 27, 36, 138, 151, 175

shuffle with a regular language, 38

union, 27, 31, 49, 130, 142, 144, 146,

149, 150, 155

of context-sensitive languages

complement, 49

intersection, 49

union, 49

of linear context-free languages

intersection with a regular language, 39

of recursively enumerable languages

concatenation, 43

intersection, 43, 49

Kleene star, 43

quotient, 49

reverse, 229

union, 43, 49

of regular languages, 10, 15

complement, 13, 49, 71, 193

concatenation, 13, 77

cyclic shift, 14

difference, 13, 81

homomorphic image, 13

homomorphic pre-image, 13, 74, 77, 192

intersection, 10, 13, 49, 70, 71, 75, 76,

84, 192
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Kleene star, 13

Mealy functions, 19

quotient, 13, 77, 209

reverse, 13, 73, 80, 138, 183

substitution, 14, 140

union, 13, 49, 69, 209

of semi-linear sets

complement, 4

intersection, 4

Kleene star, 4

union, 4

code, 5, 24

complement, 4, 15, 21, 27, 31–33, 40, 46, 49

complexity class

L, 50, 51, 241

N P, 49, 51, 52

P, 49, 51

P S PAC E, 49, 51, 52

composition, 19, 51

concatenation, 3, 13, 15, 27, 43

configuration

of a pushdown automaton, 34

final, 34

initial, 34

of a Turing machine, 41

accepting, 42

initial, 41

of a two-way automaton, 19

configuration graph, 56

of a Turing machine, 202

congruence, 4, 9, 70, 105

conjugate words, 5

Cook’s theorem, 241, 244

counter automaton, 44, 45, 47

cube-free word, 6, 33, 77

cyclic shift, 5, 14, 33, 36, 91

data structure, 23, 111

depencency graph of a grammar, 139

depth-first search, 198

derivation, 26, 138, 157

bound on the length, 29, 225

one-step, 26

derivation tree, 26, 136, 140, 141, 189

lower bound on the height, 141

yield, 27, 140, 141

distinguishing word, 16, 22, 87, 93, 125

divisibility, 8, 9, 59, 70, 150, 219

dynamic programming, 117, 121, 235

effect relation

write-once Turing machine, 206

finite automaton, 82, 82–84, 101, 110, 111

two-way automaton, 99

equivalence

class, 5, 16, 86, 122

relation, 5, 105

Euclid’s algorithm, 59

factorization, 5, 10, 55, 65, 71–73, 77–79, 98,

111, 113, 132, 199, 236

Fermat’s little theorem, 77

finite automaton, 7, 8, 14, 18, 23, 24, 37, 70,

113, 137, 177, 209, 232

deterministic, 8, 9, 10, 16, 22–25, 52, 69,

71, 74, 75, 80, 83, 224, 232

extended, 106

minimal, 16, 16–18, 20, 21, 25

non-deterministic, 7, 21–23, 52, 79–81, 85,

207, 237

size lower bound, 21, 22

observable, 16, 87

reachable, 16, 87

translation to a regular expression, 22

fooling

deterministic finite automata, 10, 71, 75

non-deterministic finite automata, 103

set, 103

function

computable, 46, 46

in L, 50

Mealy, 19, 19

Moore, 19, 19

partial computable, 46, 46

space-constructible, 50, 50

time-constructible, 50, 51

grammar

context-free, 26, 27–29, 47, 129, 176

context-sensitive, 48, 49

left-linear, 29

linear, 34, 138, 184–186

monotonic, 49

right-linear, 29, 184

unambiguous, 27, 28, 47

graph, 5, 42, 56, 59, 114, 121, 126, 139

greatest common divisor, 11, 59

group of permutations, 21

guess and check, 81, 83, 104, 169, 174, 196,

199, 229, 249, 250

Hamming distance, 15, 40

head, 41
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homomorphism, 13, 39

preserving length, 13, 15

Hopcroft’s algorithm, 23

Immerman–Szelepcsényi theorem, 230

induction, 56, 104, 106, 109, 112, 118, 125,

139

on the length of the derivation, 130, 131,

133, 135, 136, 157, 185

on the length of the run, 97, 181

on the length of the word, 100, 129,

131–133, 135, 157, 185

structural, 78, 119, 120, 191

infix, 3, 12, 16, 25, 32, 36

intersection, 4, 21, 22, 25, 43, 49

Kleene star, 3, 3, 4, 9, 12, 27, 43, 51

Knuth–Morris–Pratt algorithm, 123

laminar family, 125

language, 3

co-finite, 86

context-free, 26, 27, 31–33, 36–40, 46, 224

context-sensitive, 48, 49

decidable, 45, 46

generated by

a context-free grammar, 26

a regular expression, 7

growth, 22

infinite, 12, 29, 31, 33, 40, 46

linear context-free, 34, 34, 39, 138

non-empty, 46, 225

of stack contents, 37

recognized by

a finite automaton, 8

a pushdown automaton, 35

a Turing machine, 42

a two-way automaton, 20

recursively enumerable, 45, 46, 49

regular, 8, 9, 11–15, 17–19, 22, 29, 37–40,

44, 46, 49

semi-decidable, 45

undecidable, 45, 49

least common multiple, 22

letter, 3

lexicographic order, 14, 33

linear bounded automaton, 49, 228, 230

linear set, 4, 68

long division, 196

long multiplication, 163

Lyndon word, 33

Mealy machine, 18, 96

merging states, 88, 92

Moore machine, 19

multiplication, 11, 32

Myhill–Nerode equivalence, 10, 16, 86, 91,

94, 98, 100, 101, 122

Ogden’s lemma, 30, 143, 155, 187

on-demand recomputation, 234

palindrome, 11, 12, 16, 17, 27, 31, 35, 38, 42,

47

non-trivial, 12

parenthesis expression, 3, 28, 33, 35, 72, 85

Parikh image, 40, 191

Parikh’s theorem, 40, 117, 191

parity, 8, 19, 65, 79

period, 59, 90

pigeonhole principle, 61, 158, 248

power of 2, 11, 59, 69, 72

powerset construction, 98, 99

prefix, 4, 12, 32, 36, 39, 40, 122

prefix order, 39

prime number, 11–13, 42, 59, 79

primitive word, 5, 33

problem, 45

N P-complete, 51

3SAT, 50, 51, 238, 244, 245

CNF-SAT, 50, 238, 241

EXACT COVER, 51, 240

SUBSET SUM, 51

TILING, 51

P S PAC E-complete

intersection emptiness for finite

automata, 52

non-universality of finite automata, 52

undecidable, 47

halting problem, 45, 219, 221, 229

Post correspondence problem, 47, 47

universality of context-free grammars, 47

product construction, 97, 102, 112, 174, 182,

199, 224, 232

asynchronous, 85, 180

propositional formula, 28, 238, 245

in CNF, 238, 242, 245

induction on the length, 157

tautology, 28, 33

pumping

context-free grammars, 190

context-free languages, 30, 180, 188, 192

linear, 34, 138, 158
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finite automata, 74

regular languages, 10, 71–73, 76, 77, 81,

189, 193

stronger version, 11

pushdown automaton, 34, 35–37, 224

deterministic, 37, 38, 39

push or pop only, 36, 170, 171

pushing few symbols, 36

with few states, 35, 36

with multiple stacks, 44

quotient, 13, 13, 49, 76

rational number, 12

real number, 12

reduction, 19

computable, 219, 221

logarithmic-space, 51, 236

polynomial-time, 238, 240, 244, 245, 249,

250

regular expression, 7, 8, 9, 11, 22, 24, 51, 68,

103, 106, 232

generalized, 25

size lower bound, 22

translation to a finite automaton, 119, 237

remainder, 58, 67, 147, 196, 215

representation

base b, 9, 219, 240

binary, 5, 9, 12, 13, 32, 35, 42, 73, 240, 249

unary, 43, 45, 51, 157, 176, 203

reverse, 9, 20, 21, 27, 32, 36, 39, 73

reverse Polish notation, 28

Rice theorem, 46

round-robin, 199, 200

rule, 26

run

of a finite automaton, 8, 10, 71, 74, 75, 106,

126, 237

of a pushdown automaton, 35, 165

accepting, 35

bound on the length, 37

of a Turing machine, 42, 209

accepting, 42

of a two-way automaton, 20

Savitch’s theorem, 249, 250

semi-linear set, 4, 9

shortest accepted word, 104, 250

shortest rejected word, 22, 248

shuffle, 15, 38

closure of a language, 15, 38

simulation

of a context-sensitive grammar

by a linear bounded automaton, 226

of a finite automaton

within a grammar, 137, 186

within a pushdown automaton, 174, 182,

189

within another automaton, 80, 81, 85

of a linear bounded automaton

by a monotonic grammar, 227

of a pushdown automaton

within another pushdown automaton,

174, 178

of a Turing machine

by a two-stack automaton, 212

by an automaton with a queue, 213

multiple runs, 199, 216, 225

two machines in parallel, 199, 217

within another Turing machine, 200, 203,

206, 234

spanning tree, 126

square-free word, 6, 33, 78

state, 7, 34, 41

accepting, 7, 34, 41, 80

final, 7

initial, 7, 34, 41, 80

step relation

of a pushdown automaton, 35

of a Turing machine, 41, 222

strongly connected component, 114, 139

suffix, 11, 25, 32, 36, 122

symbol, 3

blank, 41, 41

initial stack, 34

non-terminal, 26

start, 26

terminal, 26

synchronizing word, 24

tape, 41

input, 50

marking, 195, 201, 202, 204, 206, 209

multiple, 42

right-infinite, 42, 43, 241, 244, 249

Thue–Morse word, 5, 33, 77

transition

of a finite automaton, 7

ε-transition, 18, 81, 120, 177, 183

bounded number of, 25, 120

of a pushdown automaton, 34

pop, 36
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push, 36

short, 165

with multiple stacks, 211

of a Turing machine, 41

with multiple tapes, 42

of an atomaton with a queue, 44

transition function

of a deterministic finite automaton, 8,

66–68, 70, 124, 125

transition relation

of a finite automaton, 7, 68

of a pushdown automaton, 34

of a Turing machine, 41, 195

of a two-way automaton, 19

Turing machine, 41

computing a function, 46

over numbers, 43

deterministic, 42, 43

linear number of steps, 44

multi-tape, 42

non-deterministic, 42, 43, 241, 244

off-line, 50, 50

one-tape, 43, 44, 47, 244

total, 45

universal, 218

using few tape symbols, 43

using linear space, 49

with few states, 43

write-once, 44

Turing–Post theorem, 46

two-way automaton, 19

deterministic, 20

simulation by a finite automaton, 20

ultimately periodic

sequence, 75

set of numbers, 4

union, 3, 4, 15, 27, 43, 49, 130

unpumping

context-free grammars, 140, 141, 190

finite automata, 237, 248, 250

Turing machines, 210

word, 3
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