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Motivation

- N

1. Most of pattern matching problems are regular
languages.

2. Absence of finite automata approach for these
problems (with few exceptions like KMP, AC, BM, CW).

3. Many pattern matching algorithms were developed
without of finite automata approach but actually they
simulate run of a finite automaton.
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Finite Automata

-

Deterministic Finite Automaton (DFA) Mpr4 = (@, X, 9, qo, F)

#® () Is a finite set of states,
> Is a finite input alphabet,
0 IS a mapping @ x X — @,
qo € () IS an initial state,
FIs a set of final states.

-
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Finite Automata

-

Deterministic Finite Automaton (DFA) Mpr4 = (@, X, 9, qo, F)

#® () Is a finite set of states,
> Is a finite input alphabet,
0 IS a mapping ,
qo € ) IS an initial state,
FIs a set of final states.

-

© o 0o @

Nondeterm. Finite Automaton (NFA) Myra = (Q, %, 9, qo, F)
#® () Is a finite set of states,
# > is a finite input alphabet,
® jisamapping  x (X U{e}) — P(Q),
® (o € ) Is an initial state,
L #® [ is a set of final states. J
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Usage ofNFA
-

Two possibilities of using NFA:

-

1. to transform NFA to an equivalent DFA:
running time O(n) (not considering the transformation)

but memory O(2/@xraly,

2. to simulate the run of NFA in deterministic way:
slower but less memory.

o |
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Transforming NFA to DFA
-

by

ag

O NFA a b C
0 [{0,1}]1{0} | {0}
1 {2}
2 | {3}
3




Transforming NFA to DFA
-

by

ag

ONFA a b c O DFA a
0 11{0,1} | {0} | {0} = [0
1 {2}
2 | {3}
!




Transforming NFA to DFA
-

by

@

5NFA a b C 5DFA a
0 110,13 |10} | 10} = [0 0,1]
1 {2} 1 =[0,1]

2 |

3




Transforming NFA to DFA

=
>,

ag
5NFA a b C 5DFA a
0 | {0,1} | {0} | {0} 0 = [0] 0,1]
1 {2} 1=1[0,1] |[0,1]
> | {3} 2 =0, 2]
3




Transforming NFA to DFA
- -

by

@

O NFA a b C ODFA a b C
0 [{0,1}]1{0} | {0} 0 =1[0] 0,1 0] |0
1 {2} 1=10,1] 0, 1] 0,2] | [O]
2 | {3} 2=10,2] |1[0,1,3] 0] |][0]
3 3=10,1,3]

o |
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Transforming NFA to DFA
- -

by

@

O NFA a b C ODFA a b C
0 [{0,1}]1{0} | {0} 0 =1[0] 0,1 0] |0
1 {2} 1=10,1] 0, 1] 0,2] | [O]
2 | {3} 2=10,2] |1[0,1,3] 0] |][0]
3 3=10,1,3] | [0,1] 0,2] | [0
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Transforming NFA to DFA

0

1 L L L
2 | 2=10,2] |[0,1,3] | [0
3 _



Basic Simulation Method (BSM)
- -

Algorithm
Input: NFA M = (Q, 3,9, qo, F), inputtext T' = tita. .. 1,.
Output: Output of run of NFA.
Method: Set S of active states is used.
S «— eCLOSURE({qo}), i « 1
while i <n and S # () do
S — U,es eECLOSURE(5(q t;))
if SNF #( then
write(information associated with each final state in .S)

endif
71— 1+ 1
endwhile

o |
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Basic Simulation Method (BSM)

- N

— aabaababa, P = aba
by

ag



Basic Simulation Method (BSM)

- N

— aabaababa, P = aba
by

HQ
T - | a
S 0

output




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

T -la | a
S 0|0

1
output




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

T -lal|lalb
S 00O

1|1
output




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

~
S
S
S
S

output




Basic Simulation Method (BSM)

fT — aabaababa, P = aba T
by

i i a b a

T -lalal|blala
S 0O/0|O0 0
1121
3
output 4




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

~
S
S
S

=
=
N
Nlw kR, O
=

output




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

T -lalal|lb|lalalb|a
S 0/0|0 0/0]|0
1112112
3
output 4




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba
by

HQ;I.‘_.@_.‘
T -
S 0

S
S
S

=
@ lNey

o
o
-

=
=
N
Nlw kR, O
=
N
~N|jw R O|2

output



Basic Simulation Method (BSM)

- N

— aabaababa, P = aba

T -lalal|lblala|b|la]|b]a
S 0/0|0 O/0]0|0]|O0
111211212
3 3
output 4 7




Basic Simulation Method (BSM)

- N

— aabaababa, P = aba
by

~
|
S
S
S

=
@ lNey

)
o
o
o
-

=
=
N
Nlw kR, O
=
N
N w R O
N
O©|lw » O|=

output



Bit Implementation of BSM

S; 01|01

Siz1 110111

) a b 3

0 010 1/1/0 1 1(1/(0
1 1(1/(0 1010 010

-



Bit Implementation of BSM
- ~ |

Algorithm
Input: ||, transition table 9, bit vector F, T = t1ty ... t5.
Output: Output of the run of NFA.
Method: Vector \S; of active states is used.
So «— [100...0],7 1
while ¢ < n and S;_1 # [00...0] do
S; < [00...0]
for j «—0,1,...,|Q| —1 do
If Sz'_l,j =1 then S; < 5; OR 5[j, ti]
endfor

if (S; AND F) £ [00...0] then write('NFA has reached a final state’)
endif

1 — 1+ 1
endwhile

= -
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Bit Implementation of BSM
-

Complexities:

-

® time O(|Q|n[¥Y),
» space O(|Q|[z|[4l),

where w Is bit-length of computer word.



Dyn. Programming—Exact String M.

-

P1

D)

P3

o

do.i dy i

Vector of integers—one integer for each depth of NFA.

P4

da ;

ds ;

dq i

-



Dyn. Programming—Exact String M.
- -

dj’()zl, 0< g <m,

do,i:O, 0 <1< n,

djﬂ; = if t; = p; then dj—l,i—l

else 1 O0<1<n, 0<7<m.

D alal|bla|blalalblalb

0(0(0/0]0]00]0{0[0|0
a|1(0/0|1]0[1]0{0]1/0]|1
b|1]1[1(0|1{0(1/1/0]11]0
a |1(1(11]0[1]0{1]1/0]|1
b|1]1}1(1|1{0(1/1|1]1]0

o |
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Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

SR |
Q| X
W | N
=== =] O




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

—_ = = OO S

SR |
Q| X
W | N
=== =] O




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

ala

do; |0]0|0
a|di;|1]0|0
bldo; |1]1]1
ald3; 1|11
blda;|1]1]1




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

dy
a | a
doi |0]0]0
a|di;|1]0|0
bldo; | 1|11
adg,illl
bl dy;|1]1]1




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

alal|lbl|a

do; |0]0]0]0]|0
a|di;|1{0]01]|0
bldo;|1|1]1]0]1
ald3; 11110
bldg;|1|1]1]1]1




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

alalblalb

do; |0]0]0[0]0]|0
a|di;|1]0[0|1/0|1
bldo;|1/1]1]0|1]0
ald3; |1[1]1]1[0|1
b|ds;|1|1]{1{1]1]0




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

i 2,4
alalblal|b]|a

do; |0]0{0]0]0/0|0
a|di;|1{0]0/1]010
bldo;|1/1]1]0|1]0|1
a dg,i 111(1(170170
bldy;|1]1]1]1]1]0|1




Dyn. Programming—Exact String M.

|7P — abab, T' = aababaabab T

OO
i da,; d3,; dy.;
alal|bla|blalalb

do; |0]0]0]0]0]0]0|0
al|dy;[1{0(0]1/0[1/0|0
bldo;|1/1]1]0|1]0|1]1
a dgji 1(11{1(0]1]01
b|lda; 1111|1011




Dyn. Programming—Exact String M.

p

-

abab, T = aababaabab
by

3
o0 | O O |
I ||| |
S| S| | |D
OO O |
S| OO || D
o0 | O O |
I ||| |
I ||| |
O || —
Q| S| = S| 5
NI TS
S || 3

Lbd4’i111110111

J. Holub: Strina

rkshoon. Nove



Dyn. Programming—Exact String M.

-

abab, T = aababaabab
by

p

N
I ||| —H | DO
N T O - 1O
I ||| |
I ||| —H | DO
OO O |
I ||| —H | DO
0 T O - 1O
I ||| |
I ||| |
O | — |~ |-
Q| S| = S| 5
NI
S| 3

Lbd4’i1111101111

J. Holub: Strina

rkshoon. Nove



Dyn. Programming—Exact String M.

-

abab, T = aababaabab
by

p

0T O - O
I ||| —H | DO
N T O - 1O
I ||| |
I ||| —H | DO
OO O |
I ||| —H | DO
0 T O - 1O
I ||| |
I ||| |
O | — |~ |-
Q| S| = S| 5
NI
S| 3

Lbd4’i11111011110

J. Holub: Strina

rkshoon. Nove



OO,

P3

3
N
>

O e O e
>

(2
))

P2 )
\»j
2
9 da ;

DP—Hamming distance
P3 :

9
)
dOz

10 }P4—»(11)
da ;

ds,;

J. Holub: Strina

rkshoo. Nove



DP—Hamming distance

- N

dj,() — k+1, 0<73<m
do; <« 0, 0<1<n
dj,z' «— ift; = p; then dj—l,i—l
elsed;_1,;-1+1, 0<1<n0<7<m
replace

o |
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DP—Hamming distance

D|-lald|cla|b|clala|b|la|d|b|b]|c]|a
-10/0{0}]O0O|0|0|O0]O0O(O0O/0|0]O|0O|0]|0]O
a4/0/2/2|0|2|2|0]0O}1(0O(2/2|2|2|0
d| 4502|2122 ]1]1(2(0(22|2]|2
b14/5/6]1(3[/2(2(3/3/1]2|3|0]2]3]3
b14|5/6|7(2(3|3/3/4/3[2[3|3/0[3|14
c|14|5/6/6[8[3|3/4/4,5/4(3/4/4/0\14
a |4/4/6,7|6|9|4|3/4|5|(5|5/4|5|5]|0
Simulation of NFA for approximate string matching using

Hamming distace with at most k£ = 3 errors for pattern
P = adbbca and text T' = adcabcaabadbbca.

o |
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DP—Levenshteln distance




DP—Levenshtein distance

dj,() — 7, 0<71<m
do; <« O, 0<1<n
dj,i — min(if t; = p; then dj—l,z'—l
elsed;_1,;-1+1,
if 7 <mthend;;—1+1,
: 0 <1< n,
0<g3<m

replace
Insert

o |
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DP—Levenshteln distance

D|-lald|cla|b|clala|b|la|d|b|b]|c]|a
-10/0{0}]O0O|0|0|O0]O0O(O0O/0|0]O|0O|0]|0]O
a1/0/2/2|0|2|2|0}0O}1(0O(212/2|2|2|0
dal/2(1/0/21|212|1}2|1}1/1}1(011,2,2]|1
b 1321121222121 ]0(|1|2]2
b 1413|2222 (2|3|3/2|2|2]1|]0|1]2
c 151413233 (2|3|4/3|3|3|/2|1|0]1
a |6|/5/4,3|12|4|3]2/3/4(3(4,3|2|1|0
Simulation of NFA for approximate string matching using

Levenshtein distace with at most k£ = 3 errors
P = adbbca and text T = adcabcaabadbbca.

o

for pattern

|
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DP—Damerau distance




DP—Damerau distance

dio <« 7, 0<71<m
do; <« 0, 0<1<n
dj,z' — min(if t; = p; then dj—l,i—l

elsed;_1,;-1+1,

if 7 <mthend;;_1+1,

if¢>1and j > 1

and ;1 =pjand t; = p;_1
then dj_9,-2 + 1), 0<i<n,
0<g7<m

Lreplace, Insert, , transpose J
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DP—Damerau distance

D|-la|ld|blc|b|lalal|lb|la|d|b|b|c]|a
-10/0|/0/0|0|0|{0|0O0|0|0|0O0O]0O|0]0]O
a1/0(2/2|2|2/0]0|2]0}1}1(1(|1/0
d|2(1/0/1|2|2|1}1}1]1(0(1,22]|1
b 1321012221 ,2|1]0]1|2)|2
b 1413|2111 (2(3|2/2|2]1]0|1]2
c 51413211 (2|3|3/3|3|2|1|0]1
a |6|5(4/3|2|12|112|4|3/43[2|1|0
Simulation of NFA for approximate string matching using

Damerau distace with at most k£ = 3 errors for pattern

P = adbbca and text T' = adcabcaabadbbca.

o

|
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Dynamic Programming

-

Complexities:

time | space
Dynamic Programming | O(mn) | O(m)
[Galil & Park 1989] O(kn) | O(k)

o |
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Dynamic Programming

fReferences N
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correction problem. J. Assoc. Comput. Mach.,
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evolutionary distances: Pattern recognition. J.
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[3] E. Ukkonen. Finding approximate patterns in strings. J.
Algorithms, 6(1-3):132-137, 1985.
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Bit Parallelism—Simulation

- N

RO

%/4]91{1 2922 P33 P4@

RV is a bit vector (for O errors = exact string matching).




Bit Parallelism—Exact String Matching

Tll,i dl,x
[ :
T, 0<1 : ds
R = 2_’7' ’O;l and Dlx| = Clrex
| T | dma
7“9’0 — 1, 0<y1<m

RY « shr(R? YORD[t], 0<i<n



Bit Parallelism—Exact String Matching

B -
D{a|b|X\{ab}
a |01 1
b 110 1
a | 0]1 1
b 110 1

Table 1: Matrix D for pattern P = abab.



Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
a | 0|1 1
b |10 1

SN Q S| Q
—_ | = =] =




Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
a | 0|1 1
b |1]0 1
a. b R

SRS
—_ | ==
=== ] O




Bit Parallelism—Exact String Matching

-

P = abab, T' = aababaabab

>\ {a,b}

> 2 o oD

—_ [ = =

-



Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
a | 0|1 1
b |10 1




Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
a | 0|1 1
b |10 1
a. b RO
— @@ 0

SN Q S| Q
—_ | = =] =




Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
> a | 0|1 1
b |10 1

RY ala|bla|bl|a
a [1]0[0]1/0]|1
b (1]1(1]0]1/0
a [1]1[1]1/0]1
b |1/1]1|1]1|0




Bit Parallelism—Exact String Matching
- -

Dlalb]=\{an
a | 0] 1 1
P = abab, T’ = aababaabab bl1]0 1
a | 0|1 1
b |1]0 1
a b R




Bit Parallelism—Exact String Matching

-

-

Dlalb| 2\ {ab)

p—

abab, T = aababaabab

>
S| | | |
IO | O |
XK | | O | O
S| Ol ||
| = | O |
S| | | |
S| O | | |
— ||
SIS

J. Holub: Strina

rkshoon. Nove



Bit Parallelism—Exact String Matching

-

-

Dlalb| 2\ {ab)

p—

abab, T = aababaabab

S
| = | O |
S| | | |
IO | O |
XK | | O | O
S| Ol ||
| = | O |
S| | | |
S| O | | |
— ||
SIS

J. Holub: Strina

rkshoon. Nove



Bit Parallelism—Exact String Matching

-

-

Dlalb| 2\ {ab)

p—

abab, T = aababaabab

>
IO | O |
| = | O |
S| | | |
IO | O |
XK | | O | O
S| Ol ||
| = | O |
S| | | |
S| O | | |
— ||
SIS

J. Holub: Strina

rkshoon. Nove



Bit Parallelism—Exact String Matching

-

-

Dlalb| 2\ {ab)

p—

abab, T = aababaabab

XK | | O | O
IO | O |
| = | O |
S| | | |
IO | O |
XK | | O | O
S| Ol ||
| = | O |
S| | | |
S| O | | |

— ||
SIS

J. Holub: Strina

rkshoon. Nove



BP—Hamming distance




BP—Hamming distance

- N

rio — 1, 0<j<m0<I<k

RY « shr(RY YORD[t], 0<i<n
R« (shr(R._,) OR D[t])
AND shr(Rﬁj), 0<i1<n0<I<k

replace

o |
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—
|

a
a

C
C

d|b|b
d|b|b

a
a

b

a
1{o0{1|{1jo}j1}1jojo0of1l/0j11|1|1]o0
b

BP—Hamming distance

1/1j0/1/1}1}1}1|2|12|2 01111
1/112/1/1}1}]1}1|1|1|12 /12,0111
1/1(1}1}j1}]1}1;1;1/1,1/1/1|0]1]1
1/1112/1/1}1}]1}1|1|1|1 /12,1101
1/122/1/1}1}1}1|1|1|12 /12,1110
a
l/fo0/0|{0|OlO|O|O|lO|O|O|O|O]|O|O]O
1{1{o0o|1}1j0}1{1j0ofj0oj1/0|1|1]|1]|1
1/11/1/041}1}1}1|2|0o|2|2/01|11
1/112,1/1}1}1}1|1|1|1 /12,1011
1/1(1}1}j1}]1}1;/1;1/1,1/1/1|1]0]1
1/1(1{1}j1}]1}1;1;1/1,1/1/1|1|1]o0

R
a
d
b
b
c
a

R
a
d
b
b
c
a

B
o

D. 32/43

J. Holub: Strinaoloav and Finite Automata —

NetWorkshoo. November 2006
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BP—Levenshtein distance




BP—Levenshtein distance

iy — 0, 0<j<l0<I<k T
ré-’o — 1, l<i<m,0<I[<k
RY « shr(RY ;) OR D[t;], 0<i<n
R, « (shr(R!_,) OR D[t;])
AND shr(R!” ] AND )
AND (Ri"1 OR V), 0<i<n0<Il<k

replace, insert,

U1

V2
V = _ , where v, =1land v; =0,Vj,1 < j <m.

S |
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Levenshtein distance

BP

|

Slod o o+ Of|38|o o d d O O
Oled = o «—+H O OO = 1 O O O
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BP—Damerau distance




BP—Damerau distance

O0<I<k0<1<n.

|
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BP—Damerau distance

- N

iy — 0, 0<j<,0<I<k
riy — 1, l<i<m0<I<Ek
RY «+ shr(RY ;) OR D[t;], 0<i<n

Rg “ (ShI‘(Rg_l) OR Dlt;])

AND shr(R!_} AND
AND (S!”1 OR D[t;]))

AND (R.”1 OR V), 0<i<n0<l<k
sho — 1, 0<j<m0<Il<k
St « shr(R._))orshl(D[t]), 0<i<n0<I<k
replace, insert, , transpose

o |
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BP—Damerau distance

-
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Bit Parallelism

-

Complexities:
| time | space

Bit Parallelism | O(k[Z]n) | O(k[2])
where w Is bit-length of computer word



Bit Parallelism
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Work in Progress in PSC
-

® Simulation of NFA

# Implemetation of Indexing Automata
s suffix (factor) automaton,
» compact suffix (factor) automaton

# Tesselation Automata
s pattern matching in 2D text

# 2D Pattern Matching

s pattern matching in 2D text using 1D searching
automata

o |
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o

X
<

Work In Progress in PSC (cont.)

Regularities in Text
s border,

o Covel,

s Seed,

s evolutive motif,
s tandem repeat

-

Pattern Matching in Indeterminate Strings

s String matching

XML Format for Automata

Data Compression

# Pattern Matching in Compressed Text

|
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