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Strings

A string is a sequence of # | et Pbe a string of size m
characters = Asubstring Pfi .. j] of Pis the
Examples of strings: subsequence of P consisting of
= Cprogram the characters with ranks
between i and j
p—{iTMLdosument = A prefix of Pis a substring of
= DNA sequence the type P[0 .. i]
= Digitized image = Asuffix of Pis a substring of
* An alphabet S is the set of —fhe/type Pi--m -1}
possible characters for a * Given strings T (text) and P
family of strings (pattern), the pattern matching
# Example of alphabets: problem consists of finding a
L AS?:H i substring of T equal to P
s Unicode # Applications:
« {0, 1} = Text editors
= {A,C,G T} = Search engines
= Biological research
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Brute-Force Algorithm

The brute-force pattern function BruteForceMatch(T, P, m, n)
matching algporit_hm compares Input text T of size n and pattern
the pattern P with the text T P of sizem

for each possible shift of P Output startingindex of a

relative to T, until either substring of T equal to P or - 1
= amatch is found, or if no such substring exists
= all placements of the pattern for (i=0;i<n;i++){
have been tried [* test shift i of the pattern */
Brute-force pattern matching i=0;

runs in time O(nm) while ( <m&& T[i +] == P[j)
i=i+y

Example of worst case:
if (j=m)

= T=aaa..ah
return i; /* matchati */

= P=aaah

= may occur in images and
DNA sequences
" et

= 4 -
unlikely in English text bl il A S i
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wmne semr the fenoe
want ovar tha fanos
wear woves the Deoue
anT Gver the Eenas
want ovec the fencs

WELE OUaE Bhe Senos
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Brute Force-Complexity

jven a pattern M characters in length, and a text N characters
ength...

orst case: compares pattern to each substring of text of

gth M. For example, M=5.

# This kind of case can occur for image data

LALLM AL AU AR AR AR A AL A

LAY g e misle

DA F, i e P R R A
AL S compariem masdc

LAALAUA LA A AR B N B Rk A ]

AAUAH S compariom mads

PAALA LA AR AR A AAA AR AANH
Ll S pampartices mada

VAL AR A A A AAA A AL AR
AAAAR 5 v m it el o

Eg

BEAAAAAASAAAR A AAAAAAAAKALLARS
4 cam paricn mede LR

Total number of comparisons: M (N-M+1)
Worst casetime complexity: O(MN)
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Brute Force-Complexity(cont.)

en a pattern M characters in length, and a text N
characters in length...

® Best case if pattern found: Finds pattern in first M
positions of text. For example, M=5.

L AAAAAAAAAAAAAAAAASAAAANNAAAH |
LAAAA 3 comparisons made

Total number of comparisons: M
Best case time complexity: O(M)
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Brute Force-Complexity(cont.)

ern M characters in length, and a text N
haracters in length...

#® Best case if pattern not found: Always mismatch on
irst character. For example, M=5.

AR LA AR AR A R B A A A A H
A0H | cemparsan mnde

TSR AR AR A 8 80 8 A A AR
AT 0 conm psew o pmaide

AR AR AN A BASA DU UAA W
CACCOH It paiis e made

B AAACAARAAAARM B AP AA AT

OO | g prarises made
BEEREERETELEELELERRNEEE R DT, )
HERTH 1 camgarions mslc

M AAAAAASVUUUANA AR AL A LA
1 i parnea ma
Total number of comparisons: N
Best case time complexity: O(N)
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Boyer-Moore’s Algorithm (1)

The Boyer-Moore's pattern matching algorithm is based on two
heuristics

Looking-glass heuristic: Compare P with a subsequence of T
moving backwards

Character-jump heuristic: When a mismatch occurs at T[i] =c

= If Pcontains c, shift P to align the last occurrence of cin P with T[i]
= Else, shift Pto align P[0] with T[i + 1]

* Example

[al IeTaftcTe] Jn] [mfa]tfcTn]i [nTo] TatTefo[rTr e n]m]

1 3 5 1110 98 7
CLLnm CLnld CLIiInIm] [ililcInlm]
N, X RN W A RN e A
[T iTtTh [m] [ TiTtTh[m] [Tt Th]m]
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Last-Occurrence Function

# Boyer-Moore’s algorithm preprocesses the pattern P and the
alphabet S to build the last-occurrence function L mapping S to
integers, where L(c) is defined as

= the largest index i such that P[i] = cor
= - 1if no such index exists

# Example: L. ”
sssavea [T T
= P =abacab

# The last-occurrence function can be represented by an array
indexed by the numeric codes of the characters

# The last-occurrence function can be computed in time O(m+s5),
where m is the size of P and sis the size of S
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Tunction BoyerMooreMatch(T, P,S)

Boyer-Moore’s Algorithm (2)

; Case 1: jE1+|
L = lastO eF P,S);
oo geourenosFundtion®. S ) CLLI LI LI
j=m- 1; i I
repeat { [TTITolA |
if (1L == Pij]) Aol
if (= Im-jl

=Q
Grdurn) i; /* matchati*/ e
else { HEEEDA
[ T
==

} Case 2: 1+I£]
dse ) [CILITI |
[* character-jump */ i
I'= L[T[LL:
i =i+m=minG,1 +I; ...
j=m-1;

until (i >n-1);
tett-A—— F—fo-ateh
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[2]b]a[cafalbfald] c [afolaje]ae]afa]nfo]

1
[a[bfa]c]a]b]
X 432 13 12 1110 9 8
HEHE [a[b]a]c]a]b]
5 7 %
[a[p]afc]a[b] [a[o]a]c[a]b]
X of

[a]b]ac[a]b]
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* B -Mi ’s algorith
wnmtme o+~ [2]alalaala]ala]a]
Example of worst case: 6 5 4 3 2 1

.| Ti=seal...a [o[alalalalz]

=-F=tasa X211 10 9 8 7

The worst case may occur in “EEEHE

images and DNA sequences <
but is unlikely in English text 18 17 16 15 14 13

# Boyer-Moore’s algorithm is EHBEEH

significantly faster than the W24 23 22 21 20 19

brute-force algorithm on _
English text EEHEHE

Pattern Matching 12




KMP’s Algorithm (1)

# Knuth-Morris-Pratt's
algorithm preprocesses the
pattern to find matches of

i lo 1 ]2 ]3 4[5
Pjl |a|b |a |a |b |a

prefixes of the pattern with F@G Jo Jo f1]1 ]2 |3
the pattern itself
# The failure function F(i)is [. . Ja]b]aJalb]x] [ -T-1-1-]
I

defined as the size of the
largest prefix of P[0..] that is
also a suffix of P[1..]

# Knuth-Morris-Pratt's
algorithm modifies the brute-

[a[b[a[a]b[a]
1j

force algorithm so that if a
mismatch occurs at Ffj] * T[i] IEIE afalb]a]
weset j- F(-1) F('j R 1’)I
'
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KMP’s Algorithm (2)

# The failure function can ~ flinction FallureFunction(P)
be represented by an };(1);
array and can be F[0] =0;
R i while [ < m){
computed in O(m) time if (P[i}:: P
Fli]=j+1;
i ++;
it
}
dseif (j>0)
i=F0- 1k
elsef
Fli]=0;
i++;
}
}
return F ;
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KMP’s Algorithm (3)

® At each iteration of the
while-loop, either
= i increases by one, or
= the shift amount i- j
increases by at least one

(observe that F(j - 1)<])

# Hence, there are no
more than 2n iterations
of the while-loop

# Thus, KMP’s algorithm
runs in optimal time

Q(m+n)

function KMPMatch(T, P)
F = failureFunction(P);
i=0;
=0
while ( < n){

if (T[i] == P(i])
if §==m- 1)
return (- j); /*match*/
se{
i++;
i+
}
else
if (>0)
j=F[j- 1];
=t
i++;

}

et Fhoetef
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[a[bfaclala[b[afc]c]alblaJc[a[bla]a[b]b]
123456
7
C

[a]bafcafb]
[a[b]a]c]a] b]

8 9 101112

[a[bacfa[b]
al|blafc|alb

- 415 16 8 19
T ﬂ [a] balc[alb]
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