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Exact String Matching

Problem

Find one or more generally all the occurrences of a pattern x of
length m in a text y of length n.

Both z and y are build on an alphabet 3 of size o.
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Exact String Matching

Solutions

Many !'!

See http://monge.univ-mlv.fr/ lecroq/string

Most famous : Knuth—Morris—Pratt and Boyer—Moore, 1977
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KMP : from left to right (—)

BM : from right to left («+—)
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Boyer-Moore

Typical situation

A suffix u of the pattern is found and a mismatch occurs between
a character a in the pattern = and a character b in the text y.
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Matching shift

The matching shift consists in aligning the substring
u=zx[i +1.m—1] =y[i + j + 1..j + m — 1] with one of its
reoccurrences in .

=
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Three Types of Matching Shift (1)

Weak Matching Shift

y Bl «

No condition on the character ¢ preceding u, it is then possible
that ¢ = a.

LY~
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Three Types of Matching Shift (1)

Strong Matching Shift

¢ must be different from the character a.
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Three Types of Matching Shift (111)

Best Matching Shift

c must be equal to b.

Thierry Lecroq Fast String Matching 11/33 UNV\%EN



( uf =
@ llt's Introduction Best Matching Shift Hashing g-grams Experimental results

Three Types of Matching Shift

@ weak and strong matching shift only depend on
@ best matching shift depends on x and the alphabet J

/ =
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Computation of the best matching shift

For0<i<m-—1:
suff [i] = length of the longest suffix of = ending at position i in .

4

bmatch[{m—1—-suff]i],c]

suffli]

_—
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Scan the position of the table suff from left to right J

Another proof of linearity J




¢ uf =
@ llt's Introduction Best Matching Shift Hashing g-grams Experimental results

Computation of the best matching shift

Example
ajlc|g|t

0

1

2

3

4 1 01234567389 1011
5 2[if catacataaat a
6 suffi] 0103010311 0 12
7

8

9

10

11
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Computation of the best matching shift

Example
al c |g|t
0
1
2
3
4 T 0123456789 1011
5 2] catacataaat a
6 suffi]] 0103010311 0 12
7
8
9
10
11 11
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Computation of the best matching shift

Example
al c |g|t
0
1
2
3
4 T 0123456789 1011
5 z[if catacataaat a
6 suffi] 0103010311 0 12
7
8
9
10 10
11 11
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Computation of the best matching shift

Example
alclg|t
0
1
2
3
4 T 0123456789 1011
5 2] catacataaat a
6 suff[i] 0103010311 0 12
7
8
9
10 10
11 11 9
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Computation of the best matching shift

Example
al c |g|t
0
1
2
3
4 T 0123456789 1011
5 2[if catacataaat a
6 suffi]] 0103010311 0 12
7
8 8
9
10 10
11 11 9
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Best Matching Shift

Hashing g-grams

Experimental results

Computation of the best matching shift

Example

a Cc
0
1
2
3
4 v 0123456789 1011
5 2] catacataaat a
6 suffi] 0103010311 0 12
7
8 8
9
10 10
11 7
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Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2[if catacataaat a
6 suffi] 0103010311 0 12
7
8 8
9
10 6
11 7 9
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Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2[if catacataaat a
6 suff[i 0103010311 0 12
7
8 8
9
10 6
11 7 5
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Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2[if catacataaat a
6 suffi] 0103010311 0 12
7
8 4
9
10 6
11 7 5
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Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2[if catacataaat a
6 suffi] 0103010311 0 12
7
8 4
9
10 (3|6
11 7 5
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Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2] catacataaat a
6 suff]] 0103010311 0 12
7
8 4
9
10| 2|6
11 7 5

/ =
Thierry Lecroq Fast String Matching 16/33 UNIVERSITE DE ROUEN



¢ uf =
% lltls Introduction Best Matching Shift Hashing g-grams Experimental results

Computation of the best matching shift

Example
alc|g|t
0
1
2
3
4 1 01234567389 1011
5 2[if catacataaat a
6 suff[i] 0103010311 0 12
7
8 4
9
10|26
11 7 1
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Best Matching Shift

Degenerate case

shift
S

u does not reoccur in
v is the longest prefix of x matching u which is a suffix of x
v is a border that can be detected when suff[i] =i+ 1
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Computation of the best matching shift

Example
a c g t
0 12 | 12 | 12 | 12
1 12 | 12 | 12 | 12
2 12 | 12 | 12 | 12
3 (12|12 | 12 | 12
4 [ 12|12 | 12| 12 ) 0123456738910 11
5 |12 |12 | 12 | 12 x[i] catacataaat a
6 |12 | 12 [ 12 | 12 suffil] 01030103110 12
7 |12 | 12 | 12 | 12
8 12 | 12 | 12 | 12
9 (12 | 12 | 12 | 12
10 | 12 | 12 | 12 | 12
11 [ 12 | 12 | 12 | 12

>
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Computation of the best matching shift

Example
a c g t
0 12 | 12 | 12 | 12
1 12 | 12 | 12 | 12
2 12 | 12 | 12 | 12
3 (12|12 | 12 | 12
4 [ 12|12 | 12| 12 ) 0123456738910 11
5 |12 |12 | 12 | 12 x[i] catacataaat a
6 |12 | 12 [ 12 | 12 suffil] 01030103110 12
7 |12 | 12 | 12 | 12
8 4 12 | 12 | 12
9 (12 | 12 | 12 | 12
102 |6 |12]12
111227 |12 1
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Hashing ¢-grams

@ Compute a hash value in [0;255] for every g-grams of the
pattern x.

@ Compute a shift for every hash value.

@ Unroll the loops as much as possible.

_—
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

shift[i] — 10

Vi € [0;255]
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(cat) = ((rank(c) x 2 + rank(a)) x 2 + rank(t) = 194
shift{194] = 10

shift[194] — 9
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(ata) = ((rank(a) x 2 + rank(a)) x 2 + rank(a) = 205
shift[205] = 10

shift[205] — 8
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(tac) = ((rank(t) x 2 + rank(a)) x 2 + rank(c) = 245
shift[245] = 10

shift[245] — 7
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(aca) = ((rank(a) x 2 + rank(c)) x 2 + rank(a) = 171
shift{171] = 10

shift[171] — 6
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(cat) = ((rank(c) x 2 + rank(a)) x 2 + rank(t) = 194
shift[194] = 9

shift[194] — 5
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(ata) = ((rank(a) x 2 + rank(t)) x 2 + rank(a) = 205
shift[205] = 8

shift[205] — 4
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(taa) = ((rank(t) x 2 + rank(a)) x 2 + rank(a) = 243
shift[243] = 10

shift[243] — 3
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(aaa) = ((rank(a) x 2 + rank(a)) x 2 + rank(a) = 167
shift[167] = 10

shift[167] — 2
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(aat) = ((rank(a) x 2 + rank(a)) x 2 + rank(t) = 186
shift[186] = 10

shift[186] — 1
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t 0 1 2 3 4 5 6 7 8 9 10 11
c a t a c a t a a a t a

h(ata) = ((rank(a) x 2 + rank(t)) x 2 + rank(a) = 205
shift[205] = 4 = shl «— 4

shift[205] « 0
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Hashing ¢-grams

Algorithm Newgq(z, m,y,n) for ¢ = 3

> Preprocessing

for i — 0 to 255 do shift[i] — m — 2

for i — 2 to m — 2 do
h— ((z[t — 2] x 2+ z[i — 1]) x 2) + z[{]
shiftfh mod 256] < m — 1 —4

h — ((x[m — 3] x 2+ z[m — 2]) x 2) + x[m — 1]

sh1 « shiftfh mod 256)

shiftlh mod 256] — 0
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Hashing ¢-grams

Algorithm Newgq(z, m,y,n) for ¢ = 3

> Searching
yn.n+m—1] — =z > Sentinel
je—m-—1
while TRUE do
sh+—1
while sh # 0 do
h < (gl — 2 x 2+ ylj — 1)) x 2) + ¥l
sh — shift{h mod 256]
J<—j+sh
if j < n then
if x = y[j —m + 1..j] then REPORT(j —m + 1)
j — j+ shI
else RETURN

Experimental results

V.
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Experimental results

Intel Pentium processor at 1300MHz
Linux Red Hat version 2.4.20-8
gcc with the full optimization option —-03

clock function

100 patterns randomly chosen in the texts

@ Binary alphabet, random (uniform distribution), 4Mb

@ E.coli from Large Canterbury Corpus, 4.6Mb
@ Alphabet of size 8, random (uniform distribution), 4Mb
@ world192.txt from Large Canterbury Corpus, 4.3Mb

V.
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Experimental results

Algorithms

@ BM2fast Boyer—Moore with best matching shift and fast loop
@ NEWq for g € [3;8]

@ TBM Tuned Boyer—Moore (Hume & Sunday, 1991)

@ SSABS (Sheik, Aggarwal, Poddar, Balakrishnan & Sekar, 2004)
@ SBNDM2 (Holub & Durian, 2005)
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4 T T T T T
HEWS —+—
HEWE ——
HEWF —e—
HEME —s—
3.5 B
3k 4
2.5 | e
w 2k e
1.5 F e
1 b 4
a.5 B
2 L L L L L
5 18 15 e ] 38 35
n
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g T T T T T
HEWZ ——
HEW4 —+—
HEWS —e—
el SENDMZ —s— |
1.6 -
1.4 | Bl
1.2 b Bl
"

1 b 4
a6 [ Bl
a6 [ Bl
a4 f Bl
a2 . L . . .

5 1@ 15 2a 25 3@ 35
n




uf =
0 EIH; Introduction Best Matching Shift Hashing g-grams Experimental results

1.1 T T T T T
HEWZ ——
HEW4 —+—
HEWS —e—
SENDMZ —s—
s 4
a9 F Bl
a.8 =
w8 4
8.6 =
8.5 - =
a4 f Bl
8.3 . L . . .
5 1@ 15 2a 25 3@ 35
n
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T
BM2fast ——
TEM

SEAES —e—
SEHDMZ —s—
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Conclusions

@ Binary alphabet : NEW5-8 for m € [9; 256]

@ Alphabet of size 4 : NEW3-5 for m € [7; 128]
@ Alphabet of size 8 : NEW3-5 for m € [13; 64]
@ Natural language : BM2fast for m € [7;15]
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Coming soon...

Best matching shift and
many other interesting
things

ALGORITHMS ON STRINGS

AXANE [ ih BCEAR S
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