Pattern Matching

9/10/2003 11:38 AM

Pattern Matching

[a]p[afcfafa]b]

1
[aJoJafc[a]p]

h 4 3 2
[a[ba]c[a]b]

9/10/2003 11:38 AM

Pattern Matching 1

Outline and Reading

+ Strings (811.1)

* Pattern matching algorithms (811.2)
» Brute-force algorithm
= Boyer-Moore algorithm
= Knuth-Morris-Pratt algorithm
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rute-Force Algorithm

# A string is a sequence of # |et P be a string of size m The brute-force pattern Algorithm BruteForceMatch(T, P)
characters = Asubstring Pfi .. j] of Pis the matching al%orit_hm compares Input text T of size n and pattern
* Examples of strings: subsequence of P consisting of the pattern P with the text T P of szem
the characters with ranks for each possible shift of P Output starting index of a
= Java program betveent ahd lati T I eith put st g
= HTML document ! °l ) relative to T, unti ejther substring of T equal to P or - 1
= Aprefix of Pis a substring of = amatch is found, or if no such substring exists
= DNA sequence the type P[0 .. i] ) R
- Digitized image 1 ; . = all placements of the pattern for i- Oton-m
| . {\hzutfﬂxeo; [f’ lsma sti]bstrlng of have been tried { test shifti of the pattern}
*# An alphabet S'is the set of P i T (o and.p * Brute-force pattern matching i- 0
possible characters for a iven strings T (text) an runs in time O(nm) =1 —————
family of strings (pattern), the pattern matching & Example of Worst | whl_le] _<mUT[| +jl.=PIljl
* Example of alphabets: problem consists of finding a rainp’e pr warst case; j~ g+l
w ASCHI substring of T equal to P = T=aaa..ah if j=m
Unicod * Applications: ¢ P=[aaah return i { maichati}
I phicode ) = may occur in images and dse
= {0, 1} = Text editors DNA sequences
« {ACG T} = Search engines e e fettir—i—{rormeteh
= Biological research
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# Giyen a pattern M characters in length, and a text N characters
rute Force UL .
# \Worst case: compares pattern to each substring of text of
length M. For example, M=5.
Eool cat Rolo went owar the famom | # This kind of case can occur for image data.
=1 13
geal car Molo ot over tie Coade AR ASAR A A A A A AL H
cat cormparmnsms made
poal oan Rolo smas orsy. Wha Tenoe AAAALAAALAAAAAARAAAAH
n::u:hnn-r Bala went Guar Lhe femae e i
. A AU A AR A AL AR R H
oot i
11§ evewrparh oo momds
i R TR AR A A AR AL AAH
acal Fb.:lla went cvar tha fasnas ! d“&“ﬂﬁ"&ﬂ;mu“
L : = = LAY Scampariscny mude
A AR A AR AR A A AL AL
3 pam pormom mads Lbash
Total number of comparisons: M (N-M+1)
Worst case time complexity: O(MN)
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Brute Force-Complexity(cont.)
jven a pattern M characters in length, and a text N
characters in length...

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

D AAAAAA A AAAAAAAANA NN A AAAAANAMAT
A4444 5 compursons made

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

rn M characters in length, and a text N
characters in length...

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

B ARAAAL A AR AN ‘-.Jm AAAAAAAAALAH
AXNIH | comparhon muds
A -ﬁﬁ‘-ﬂﬁﬁﬁﬁ’\-’\-**.‘\.*.‘\.*."‘ A AASAAH
KKHIH 1 pomeparisen reas
IARAAAAAAASAAAAAARAR

AdAAAAAH

HEHIH I comparissn
l_l-\.'l.‘. I".-"..’- RARAA PR ML AAAN
OO N omjuarisen msule

0 A A AR N A R A A
AOCEOH L cemparnon meds

MAAAA R AR AAARAAAAAAAARAS AR AT
HOCAE

com pariian mods

Total number of comparisons: N
Best case time complexity: Og
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Boyer-Moore’s Algorithm (1)

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

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

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

= If P contains c, shift P to align the last occurrence of cin P with TJ[i]
= Else, shift Pto align P[0] with T[i +1]
#* Example
[l TplaltTt]el T Im[altfc[n]iTnTo] TaliTalolrTiTtThIm|
1 3 5 1110 9 8 7
|r|||1|h|m| |r|||t|h|m| rlift]h|m hlm
N L, A N w4 X 6 X
[ TiTtThJm [ TiTt]hJm] [ TiTtTh]m]
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ast-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:
= S={abcd} T fr 7 N N
e 4 5 4
= P =abacab d

* 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+s),
where m is the size of P and s is the size of S
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, N
Bayer-Moore’s Algorithm (2)
Algorithm BoyerMooreMatch(T, P, S) Case 1: EL+]
L = lastOccurenceFunction(P,S ) LI I'I'I'I? 'I'I'I'I'I'I
imm-1 |
jom-1 |:|:|:|:|EE| !
repeat IRl I
if T[] = Plj] m- j!
if j=0 i
return i { machati} [LTT Jofa]
else i §
J':J‘j} Case 2: 1+| £]
else LLITITRITITI.T.]
{ characterjump } ! I
I= LTI 5 |
i= i+m-minf, 1+1I) ... |
jom-1 I
until i>n- 1
return -1 { no match}
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[a[o]a]c[afaja]ald]c [afelafe]afb]alajo]o]

1
HI!HEI!

4.3 2 13 12 1110 9 8
|a|b|a|°|a|b| |a|b|a|°|a|b|

IaIbIaICIaIbI Gl Talelelo]
b Y
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* Boyer-Moore’s algorithm
runs in time O(nm +s)

# Example of worst case:
= T=aaa..a
= P=baaa

# The worst case may occur in
images and DNA sequences

# Boyer-Moore’s algorithm is
significantly faster than the
brute-force algorithm on
English text
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but is unlikely in English text

[a]a]a[a]a]a]a] a[a]

6 5 4 3 2 1

Qo110 9 8 7

\18 17 16 15 14 13

M4 23 22 21 20 19

Pattern Matching 13

KMP’s Algorithm (1)

Knuth-Morris-Pratt’s

=
—
o
o
T
ot

algorithm preprocesses the

pattern to find matches of Pl B h b h
prefixes of the pattern with 0] P L p P B
the pattern itself

The failure function F(i) is | |A|a|b|a|a|b|x| | || ||
|

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

#® Knuth-Morris-Pratt’s
algorithm modifies the brute-
force algorithm so that if a
mismatch occurs at P[j] * T[i]
weset j- F(-1)
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I
[alb]alalbla]
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FG- Dl

14

, J
KMP’s Algorithm (2)
# The failure function can IAlgorithm FailureFunction( P)
be represented by an J': (1)
array and can be FL(_)} -0
H H whilei <m
computed in O(m) time it i = Pl]
Fli]~ j+1
i i+1
jm g+l
dseif >0
j- Fli- 1]
else
Fli]= 0
i~ i+1
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MP’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) <j)
#® Hence, there are no
more than 2n iterations
of the while-loop

#® Thus, KMP’s algorithm
runs in optimal time O(m

Algorithm KMPMatch(T, P)

F = failureFunction(P)

i=- 0
j= 0
whilei <n
if T[i ] = Plj]
ifj=m-1
return i - j{ match}
else
i-i+1
jo g+l
else
if j>0
j- Fli- 1]
else
imi+1

+n)
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[a[b]a]c[afab[afc]c[afb]a]c[afb]ala]b]b

4 6
[a]b[afc[a] b]

T lolT 23 [2]5
Pl [a |b |a |c
F() 0 0 T
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[a]bafc[a]b]

1011 12

8 9
[a[b]afcTa]b]
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[a[bafc]a]b]

14 1516 17 18 19

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