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Referéncias: Busca de substring (PF),
Substring Searching (SW), slides (SW), video (SW).


https://www.ime.usp.br/~pf/estruturas-de-dados/aulas/substring-search.html
https://algs4.cs.princeton.edu/53substring/
https://algs4.cs.princeton.edu/lectures/53SubstringSearch.pdf
https://www.youtube.com/watch?v=2LvvVFCEIv8

Introducao

Problema: Dada uma string pat e uma string txt,
encontrar uma ocorréncia de pat em txt.

Exemplo: encontre ATTGG em:

TGGTAAGCGGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGAGACAGCTGAGTGATGGGCCAAACAGGATATCTGTGG
TAAGCAGTTCCTGCCCCGGCTCGGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGCAGTTTCTAGTGAA
TCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAAATGACCCTGTACCTTATTTGAACTAACCAATCAGTTCGCTTC
TCGCTTCTGTTCGCGCGCTTCCGCTCTCCGAGCTCAATAAAAGAGCCCACAACCCCTCACTCGGCGCGCCAGTCTTCCG
ATAGACTGCGTCGCCCGGGTACCCGTATTCCCAATAAAGCCTCTTGCTGTTTGCATCCGAATCGTGGTCTCGCTGTTCC
TTGGGAGGGTCTCCTCTGAGTGATTGACTACCCACGACGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATTTGGAGACC
CCTGCCCAGGGACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCAACTTATCTGTGTCTGTCCGATTGTCTAGTGT
CTATGTTTGATGTTATGCGCCTGCGTCTGTACTAGTTAGCTAACTAGCTCTGTATCTGGCGGACCCGTGGTGGAACTGA
CGAGTTCTGAACACCCGGCCGCAACCCTGGGAGACGTCCCAGGGACTTTGGGGGCCGTTTTTGTGGCCCGACCTGAGGA
AGGGAGTCGATGTGGAATCCGACCCCGTCAGGATATGTGGTTCTGGTAGGAGACGAGAACCTAAAACAGTTCCCGCCTC
CGTCTGAATTTTTGCTTTCGGTTTGGAACCGAAGCCGCGCGTCTTGTCTGCTGCAGCATCGTTCTGTGTTGTCTCTGTC
TGACTGTGTTTCTGTATTTGTCTGAAAATTAGGGCCAGACTGTTACCACTCCCTTAAGTTTGACCTTAGGTCACTGGAA
AGATGTCGAGCGGATCGCTCACAACCAGTCGGTAGATGTCAAGAAGAGACGTTGGGTTACCTTCTGCTCTGCAGAATGG
CCAACCTTTAACGTCGGATGGCCGCGAGACGGCACCTTTAACCGAGACCTCATCACCCAGGTTAAGATCAAGGTCTTTT
CACCTGGCCCGCATGGACACCCAGACCAGGTCCCCTACATCGTGACCTGGGAAGCCTTGGCTTTTGACCCCCCTCCCTG
GGTCAAGCCCTTTGTACACCCTAAGCCTCCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGAACCTCCTCGT
TCGACCCCGCCTCGATCCTCCCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCGGAATTCGTTAACTCGAGGATCCGG
CTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCA
ATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTC
AGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGC
TGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTT
TTGGAGGCCTAGGCTTTTGCAAAAAGCTGCCCAAGCTGATCCCCGGGGGCAATGAGATATGAAAAAGCCTGAACTCACC
GCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGAGGGCGAAGAAT
CTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGA
TCCOTTATCOTTTATCCCCACTTTCCATCCCCCCCCCTCCCCATTCCCCAACTCCTTCACATTCCCCAATTCACCCACACC




Introducao
Dizemos que um vetor pat[0..m—1]
casa com txt[0..n—1] a partir de i se

pat[0..m — 1] = txt[i..i+m—1]

para algum i em [0..n—m]|.

Exemplo:
0 1 2 3 4 5 6 7 8 9
txt |[x|c|bla|b|/bjc|bla|x
0 1 2 3
pat |b|c|b|a

pat[0..3] casa com txt[0..9] a partir de 5.



Busca de substrings

Problema alternativo: Dados pat[0..m—1] e
txt[0..n—1], encontrar o nimero de ocorréncias
de pat em txt.

Exemplo: Paran =10, m =14, e
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pat |bla|b|a

pat ocorre 2 vezes em txt.



Algoritmo de forca bruta
pat=ababbababba
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Algoritmo de forca bruta
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Algoritmo de forca bruta

Devolve a primeira das ocorréncias de pat em txt.

int search(char *pat, char *txt) {

1 int i, n = strlen(txt);

2 int j, m = strlen(pat);

3 for (i = 0; i <= n-m; i++) {
4 for (j = 0; j < m; j++)

5 if (txt[i+j] !'= pat[jl)
6 break;

7 if (j == m) return i;

8 7}

9 return n;



Algoritmo de forca bruta

Relacdo invariante: no inicio de cada iteracao
do “for (j = 0; ...)" vale que

(i0) pat[0..j—1] = txt[i..i+j—1]



Consumo de tempo

Consumo de tempo da funcdo search().

linha todas as execucdes da linha

1-2 =1

3 =n—m+1

4 <(n—m+1)(m+1)

5 <(n—m+1)m

6 <(n-m+1)

7 =n—m

89 =1

total <3(n—m+2)+2(n—m+1)(m+1)

=0O((n—mn+ 1)m)
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Pior caso

pat =aaaaaaaaaab
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Aaaaaaaaaaaaaaaaaaaaaaaatxt
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Pior caso

i j 4] 0 1 2 3 4 5 6 7 8
txt— A A A A A A A A A

0 4 4 A A A A B <—npat

1 4 5 A A A A B

2 4 6 A A A A B

3 4 7 A A A A B

4 4 8 A A A A B

5 5 10 A A A A

Brute-force substring search (worst case)
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Melhor caso

pat =baaaaaaaaaa
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Aaaaaaaaaaaaaaaaaaaaaaaatxt
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaaa
baaaaaaaaa
baaaaaaaa
baaaaaaa



Conclusoes

O consumo de tempo de search()
no pior caso é O((n —m + 1)m).

O consumo de tempo de search()
no melhor caso é O(n —m + 1).

Isto significa que no pior caso o consumo de
tempo é essencialmente proporcional a mn.

Em geral o algoritmo é rapido e
faz n3o mais que 1.1 X n comparacoes.



Proximos passos

Existe algoritmo mais rapido que o forca bruta?

Existe algoritmo que faz apenas n comparacdes
entre caracteres?

Existe algoritmo que faz menos que n comparacoes?



Algoritmo KMP para busca de substring

internal representation

] 0 1 2 3 4 5
pat.charAt(j) A B A B A C
A1 1 3 1 5 1
dfa[][jl1|B 0 2 0 /4 0 4
c 0 0 0 0 0 6
mismatch \
transition match
(back up) ;ransition
graphical representation (increment)

Cgc (@_/—A\ B_»@:{;%}C_»G

halt state

DFA corresponding to the stringA B A B A C

S&W 5.3
“pf/estruturas-de-dados/aulas/kmp.html


https://www.ime.usp.br/~pf/estruturas-de-dados/aulas/kmp.html

Ideia
babb

6 7 8 9
babb

basica do algoritmo

a
10 11 12 13 14 15 16 17 18 19 20 21 22

abababbababbal




Ideia
babb

6 7 8 9
babb

basica do algoritmo

a
10 11 12 13 14 15 16 17 18 19 20 21 22

abababbababbal




Ideia
babb

6 7 8 9
babb

basica do algoritmo

a
10 11 12 13 14 15 16 17 18 19 20 21 22

abababbababbal




w N R o

Ideia
babb

6 7 8 9
babb

10
a

basica do algoritmo

11 12 13 14 15 16 17 18 19 20 21 22

b ababbababbal




AW N R O

Ideia
babb

6 7 8 9
babb

10
a

basica do algoritmo

11 12 13 14 15 16 17 18 19 20 21 22

b ababbababbal




asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =




asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

Q0

@ [T

000

@M (T (T @O
(o)
0.0
@M (T ([T



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

(o]
Q0.0
@ (T T
000
M (T [T ©
o]
Q0.0
@ (T T

O H N ™M™ < DO~



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

e
T T
000
@M (T [T ©
000
M (U U T
@
Q0.0
M (U @©

O H N ™ < DO N~



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

@M (T ([T

O H N ™M < 1O~ OO



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

@M (T ([T

OH AN ®MmMST WO N~®O S



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ideia b
babba

ababba

P =

@M (T ([T

o
OH AN M wLwoOoN~®o 9O



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ideia b
babba

ababba

P =

(o]

Q0.0

M @O @©

0000
00000

M (T (T (T (T O
0000000
M (U (T (T (T (U (T @O

@M (T ([T

o = o
oH AN ®Mms Lo~ 3 I3y



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ildeia b
babba

ababba

P =

000

M (T T @©
00000
000000

M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

o - o ®
oH M Lo~ D389



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

@M (T [T ©
00000
000000

T (U (T (T (T (T T
00000000
(T (U (T (U (U (U (T (T (T

@M (T ([T

o - o ®
oH M Lo~ D389

<
—



do algoritmo

asica

7/

[
b

deia b
babba

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

abaabababbabababbababbal

ababba

P

T T

000

M (U U [T
000
@M (T [T ©
00000
000000
T (U (T (T (T (T T
00000000
(T (U (T (U (U (U (T (T (T

@M (T ([T

o = o ™% v
oOoH N ms Lo~ 3989 Y



do algoritmo

asica

7/

[
b

deia b
babba

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

abaabababbabababbababbal

ababba

P

0.0

T T T

0000

M (U (U U [T
000
M (T T @©
00000
000000
M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

o - N ®m< wo
oH N ms Lo~ 3399 T 88



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

0.0

000

M (T T @O

00000

M (U (U (U (U T
000
M (T T @©
00000
000000
M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

O = N ™% Lo~
oH MmO~ D389 I8V YN



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

T ©

000

0000

M (T (T (T (T

000000

(M (U (U (U (T (T T
000
M (T T @©
00000
000000
M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

O+ N ™M WO~ ®
oH MmO~ I I BYNR



asica do algoritmo
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ideia b
babba

ababba

P =

(o]

0.0

T T @O

0000

00000

T (T (T (T (T O

0000000

M (U (U (U (T (T (T (T
000
M (T T @©
00000
000000
M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

O H N ™M < O ON©OOD
oOo-H AN M OO~ D80T Y gx%9



do algoritmo

asica
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ildeia b
babba

ababba

P =

el

M ©

000

M (T (T O

00000

0000000

W (T (T (T (T (T O

00000000

(M (U (U (U (U (U (U (U (T
000
M (T T @©
00000
000000
M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

O H N ®MTWON®O O
O HF N MY IWON®OO g A A A A AN



do algoritmo

asica
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

Ideia b
babba

ababba

P =

0

0.0

@M (T [T
D000

T (T (T (T O
0000000
0000000

T (U (T (T (U (U (T (T

000000000

(U (U (U (U (U (U (U (U (U (T

000

M (T T @©
00000
000000

M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

oH N ms Lo~ 3399

<
—

1)
—

©
—

~
—

©
—

o
—

o
I3

—
N



do algoritmo

asica
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
abaabababbabababbababbal

7/

|deia b
babba

ababba

P =

©

0.0

0 0.0

T (T (T (T
00000

(T (U (U (T (T (T
0000000
D000 0000

(T (U (U (T (U (U (T (T (T

0000000000

(U (0 (U (U (U (U (U (U (U (U (T

000

M (T T @©
00000
000000

M (U (T (T (T (T O
00000000
M (U (T (T (T (U (U (T (O

@M (T ([T

oH N ms Lo~ 3399

<
—

1)
—

©
—

~
—

©
—

o
—

o
I3

—
N

N
I\



|deia geral

Quando encontramos um conflito entre txt [i]
e pat[j], nao é necessario passar a comparar
txt[i-j+1..] compat[0. .].
Basta:
encontrar o comprimento do maior prefixo
de pat[0. . ] que é sufixo de tzt[..1],

ou seja,
encontrar o maior k tal que pat [0 . . k-1]
é igual a tzt[i-k+1. . 1] que é igual a
pat[j-k+1. . j-1]+tzt[i],

e passar a comparar txt[i+1..] com pat([k..].



|deia geral

Exemplo: texto CAABAABAAAA e padrao AABAAA:
depois do conflito entre txt [6] e pat[5], nao
precisamos retroceder no texto: podemos continuar
e comparar txt[7 . .] com pat[3. .]:

CAABAABAAAA
uma tentativa: A ABAAA
nao precisa tentar: AABAAA
nao precisa tentar: AABAAA
proxima tentativa: AABAAA




Algoritmo KMP

Examina os caracteres de txt um a um, da
esquerda para a direita, sem nunca retroceder.

Em cada iteracado, o algoritmo sabe qual
posicao k de pat deve ser emparelhada
com a proxima posicao i+1 de txt.

Ou seja, no fim de cada iterac3o,
o algoritmo sabe qual indice k deve fazer
o papel de j na préxima iteracao.



Algoritmo KMP

O algoritmo KMP usa uma tabela dfa[] []
que armazena os indices magicos k.

O nome da tabela deriva da expressao
deterministic finite-state automaton.

As colunas da tabela sdo indexadas pelos indices
0. .m-1 do padrao e as linhas sao indexadas pelo
alfabeto, que é o conjunto de todos os caracteres
do texto e do padrao.



Autdmato de estados deterministico (DFA)

0..7 = conjunto de estados
~ = {a, b, ¢} = alfabeto
0 = funcao de transicao

0 é estado inicial e 7 é estado final



Exemplo: pat = ABABAC
internal representation
] 0 1 2 3 4 5
pat.charAt(j) A B A B A C
A 1 1 3 1 5 1
dfa[][j1|]B O 2 O /4 0 4
c O 0 0 0 0 6
mismatch \
transition maich
(back up) transition
graphical representation (increment)

A
B
B—»% C—> 6
/

halt state



Autdmato finito deterministico (DFA)

O algoritmo KMP simula o funcionamento
do autémato de estados.

O autémato comeca no estado 0 e examina os
caracteres do texto, um de cada vez, da esquerda
para a direita, mudando para um novo estado
cada vez que |é um caractere do texto.

Se atingir o estado m, dizemos que
0 autémato reconheceu ou aceitou o padrao.

Se chegar ao fim do texto sem atingir o estado m,
sabemos que o padrdo ndo ocorre no texto.



Autdmato finito deterministico (DFA)

O automato esta no estado j se acabou de
casar os j primeiros caracteres do padrao com
um segmento do texto, ou seja, se acabou de
casar pat[0. . j-1] com txt[i-j .. i-1].

Para cada estado j, a transicao que
corresponde ao caractere pat[j] é
de casamento e leva ao estado j+1.

Todas as outras transicdes que comecam no
estado j sdo de conflito e levam a um estado < j.

O automato de estados é uma ideia
muito importante em compilacao,
na teoria da computacao, etc.



Autdmato finito deterministico (DFA)

Um autémato finito é formado por
uma 5-upla (Q,Z, 0, qy, F), onde
» (Q é um conjunto finito de estados,
¥ € um conjunto finito chamado alfabeto,

>
» 0:Q XX —Qéa funcao de transicao,
» g, € Q é o estado inicial, e

>

F C Q é o conjunto de aceitacao.



Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation

!

A ABACAABABALC

A

o O = > O
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Knuth-Morris-Pratt demo: DFA simulation
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Algoritmo KMP

Retorna a posicao a partir de onde pat ocorre
em txt; se pat ndo ocorre em txt retorna n.

int search(char *txt) {
int i, n = strlen(txt);
int j, m = strlen(pat);

for (i=0, j=0; i < n && j < m; i++)
j = dfaltxt[i]][j];

if (j == m) return i - m;
return n;



01 2 3 4 5 6 7 8 91011 12 13 14 15 16~—1
read thischar— g ¢ B A C A A B AB A C A A= txt.charAt(i)
inthisstate —0 0 0 0 1 1 2 3 0 1 1 2 3 4 5 6 ~7]
go to this state A

found
A returni - M =9
A
A
B
B
A
match: B
set j to dfa[txt.charAt(i)][j] A
= dfa[pat.charAt(3)1[j]
= 341 B
B
A
mismatch: B
set j to dfa[txt.charAt(i)][j] A
implies pattern shift to align
pat.charAt(j) with C
txt.charAt(i+1) A B A B A C

Trace of KMP substring search (DFA simulation) forA B AB A C



Invariantes

A funcao search() de KMP tem
oS seguintes invariantes.

Imediatamente antes do teste i < n && j < m
vale que:

» pat ndo ocorre em txt [0 . . i-1];

» pat[0. .k] é diferente de txt[i-k . . i]
para todo k no conjunto j+1. .m-1; e

» pat[0..j-1] éigual a txt[i-j . . i-1].



Autdmato de estados deterministico (DFA)

A tabela dfa[] [] representa uma maquina
imaginaria conhecida como automato de estados
(deterministic finite-state automaton, DFA).

Os estados do autémato correspondem
aos indices 0 . . m—1 de pat.

Também ha um estado final m.

Para cada estado e cada caractere do alfabeto, ha
uma transicao que leva desse estado a um outro.



Construcao do DFA

Para construir a tabela dfa[] [] que representa o
automato, podemos pré-processar o padrao pat
desde que o alfabeto de txt seja conhecido.

Para qualquer caractere ¢ do alfabeto e qualquer j
em 0. .m-1, o valor de dfalc] [j] é

o comprimento do maior prefixo

de pat [0 . . 7] que é sufixo

de pat[0. . j-1]+c.

Uma implementacao literal dessa definicdo faria

cerca de Rm3 comparacoes entre caracteres para

calcular a tabela dfa[] [], sendo R o nimero de
caracteres do alfabeto.



Exemplo: padrao ABABAC e alfabeto A B C

1 —
0
restart
2 B states
0 0 X
3 B A
0 0 1
4 B A B
0 0 1
5 B A B
0 0 1 2 3

DFA simulations to compute
restart statesforA B AB A C
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Include one state for each character in pattern (plus accept state).
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Knuth-Morris-Pratt demo: DFA construction

Match transition. If in state j and next char ¢ == pat.charAt(j), go to j+1.

! !

first j characters of pattern nhext char matches
have already been matched

0 1
A B
A
B 2
C

Constructing the DFA for KMP substring search for ABABAC

now first j+1 characters of
pattern have been matched
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Knuth-Morris-Pratt demo: DFA construction

Mismatch transition: back up if ¢ != pat.charAt(j).

Constructing the DFA for KMP substring search for ABABAC
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Mismatch transition: back up if ¢ != pat.charAt(j).

Constructing the DFA for KMP substring search for ABABAC

A

=]

& = Alwn



Knuth-Morris-Pratt demo: DFA construction

Constructing the DFA for KMP substring search for ABABAC
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Knuth-Morris-Pratt demo: DFA construction in linear time

Include one state for each character in pattern (plus accept state).
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Knuth-Morris-Pratt demo: DFA construction in linear time

Match transition. For each state j, dfa[pat.charAt(j)1[j] = j+1.

!

first j characters of pattern now first j+1 characters of
have already been matched pattern have been matched
0 1 2 4 5
A B A B
Al B 5
B 2 4
C

Constructing the DFA for KMP substring search for ABABAC

O—A>(D—8>D)— 23— 8 —>(1)— A—>()—c—(6)



Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For state 0 and char c !'= pat.charAt(j),
set dfaf[c][0] = 0.
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Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For state 0 and char c !'= pat.charAt(j),
set dfa[c][0] = 0.
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Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfa[c][j]1 = dfa[c][X]; then update X = dfa[pat.charAt(3)]1[X].

X = simulation of empty string
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfa[c][j]1 = dfa[c][X]; then update X = dfa[pat.charAt(3)]1[X].
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
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Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfa[c][j]1 = dfa[c][X]; then update X = dfa[pat.charAt(3)]1[X].
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Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfa[c][j]1 = dfa[c][X]; then update X = dfa[pat.charAt(3)]1[X].

simulation of B A

l =
1

w
N

Constructing the DFA for KMP substring search for ABABAC



Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfalc][j] = dfa[c][X]; then update X = dfa[pat.charAt(j)][X].
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfalc][j] = dfa[c][X]; then update X = dfa[pat.charAt(j)][X].
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Knuth-Morris-Pratt demo: DFA construction in linear time

Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfa[c][j]1 = dfa[c][X]; then update X = dfa[pat.charAt(3)]1[X].
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfalc][j] = dfa[c][X]; then update X = dfa[pat.charAt(j)][X].
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Mismatch transition. For each state j and char c !'= pat.charAt(j), set
dfalc][j] = dfa[c][X]; then update X = dfa[pat.charAt(j)][X].
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Knuth-Morris-Pratt demo: DFA construction in linear time
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Construcao da DFA
Trecho de cédigo do KMP que constroi o DFA.

dfalpat[0]]1[0] = 1;
for (int j =1, X =0; j <m; j++) {
for (int ¢ = 0; ¢ < R; c++)
/* copie casos de conflito */
dfalc]l [j1 = dfalc] [X];

/* defina casos de casamento */
dfalpat[jl][j] = j+1;

/* atualize estado de reinicio */
X = dfalpat[j]][X];



Construcao da DFA: programacao dinamica

dfalc] [j] = maior k tal que
pat[0..k-1] = pat[j-k+1..j-1]+c

Para j = O:
dfalc] [0] =1, se pat[0] = ¢
0, se pat[0] # c

Para j > O:

dfalc] [j] = dfalc] [j-1]1+1, se pat[j] = ¢
dfalc] [X], se pat[j] # c,
onde X é o maior valor tal que
pat[0..X] = pat[.. j-1]+c.



Biblioteca KMP: esqueleto

static int R = 256;

static char *pat;

/* dfal][] representa o autémato */
static int **dfa;

void KMPInit(char *pat) {...}

int search(char *txt) {...}



KMP: pré-processamento

void KMPInit(char *s) {
int m = strlen(s);
pat = mallocSafe((m+1)*sizeof (char));
strcpy(pat, s);
dfa = alocaMatriz(R, m);
dfalpat[0]][0] = 1;
for (int j =1, X =0; j <m; j++) {
/* calcule dfa[][j] */
for (int ¢ = 0; c < R; c++)
dfalc] [j]1 = dfalc] [X];
dfalpat[jcor]] [j] = j+1;
X = dfalpat[j1][X];



KMP: search()

int search(char *txt) {
int i, n = strlen(txt);
int j, m = strlen(pat);

for (i=0, j=0; i < n && j < m; i++)
j = dfaltxt[il1]1[j];

if (j == m) return i - m;
return n;



Consumo de tempo

O consumo de tempo do
algoritmo KMP é O(m + n).

Proposicao. O algoritmo KMP examina
ndo mais que m + n caracteres.

Se levarmos em conta o tamanho do alfabeto, R,
o consumo de tempo para construir o DFA é nR.
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