. Finding patterns in a string
String matching
Data Structures and Algorithms for Computational Linguistics Il
(ISCL-BA07)

+ Finding a pattern in a larger text is a common problem in many applications
« Typical example is searching in a text editor or word processor
« There are many more:
~ DNA sequencing / bioinformaties
- Plagiarism detection
~ Search engines / information retrieval
Spell checking
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Types of problems Problem definition
T ey and by of ol dpend o someproperis of he e [A[ATT A
problem
 Typical appl based asingle
pattern i a text, where the pattern s much shorter than the pattern —
 The ffciency ofthe algorithms may depend on the
~ relatve sze ofthe pattern + We want tofind all occurrences of pattern p (length ) in text  (ength )
umber of repetitions « The characters in both t and p are from an alphabet £, in the example.
iz ofthe alphabet I-ACGTI

shether the pattern is used once or many times
o problem is
* Insome cases,fury | approimate sench may be required

« The size of the alphabet (q) i often an important factor
« p oceurs in t with shift s if plo m] == /s s + ml, we have a match at s = 3
i the example

e may « Astring x is @ prefix of string y, if y = xw for a possibly empty string w
« Astring x ify = wx fora p pty string

Brute-force string search Brute-force string search
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« Start from the beginning, of |
et e
~ 4y == pij: shiftp (i+ = 1, =0)
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s e s s wmunus
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« Start from the beginning, of i = 0 and j = 0
- if == m, announce success with s =
640 == plj: siftp (i+ = 1, = 0)
 otherwis: comparethe ext characer 1+ = 1,7+ = 1, epeat)

Brute-force string search Brute-force string search
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o e remine ot
m, announce success with s =

= pil: shiftp (i+ =1, =0)

 otharwin cocnpars e mt chacacke (Lt = 1,1 = 1, repest)

Brute-force string search Brute-force string search
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:
- St hebegiin,of - Dand -0 « Startfomthe beginning,of —0and =0

~ i} = m, announce success with s = {

Pl shiftp (14 = 1) =0




Brute-force string search
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1, repeat)

Brute-force string search
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« Start from the beginning, of i = 0 and j = 0
= m, announce success witl
i )

1.3+ =1, repeat)

Brute-force string search
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Brute-force string search
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ounce succes wilh s = ¢

1.3+ = 1, repeat)

Brute-force string search
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+ Start from the beginning, of i = Oand j =
~ 1] == m, announce success with s = {
~ UL == pll: shiftp (i4- = 1,) = 0)
 otherwise compare the nxt haracer i+ =

= 1, repeat)

EEHERNEEE

- Start from the beginning, of i = 0 and j = 0
- m, announce success with s =
T shiftp (4~ 1,j
 Otherwis:comparethe next char

er (14 = 15+ = . repest)

+ Start from the beginnin
~ if] == m, announce'
S0 == plf: shiftp (i~ 1)~ 0)
 otherwise: compartthe nxt characer i+ =

fi=0andj =0
ths =

i+ =1, repeat)

Brute-force string search
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« Start from the beginning, of i = 0 and j = 0

- i) == m amnouncesuess it ¢ =5
£ P (i 0
B

Brute-force string search
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« Start from the beginning, of i = O.and j = 0
~ if] == m, announce success with s = {
YA = il il (g = 1= 0)
~ otherwise: compare the next charactr (4 =

=1, repeat)

Brute-force string search
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« Start from the beginning, of i = 0 and j = 0
nnounce success with

Pl shiftp (&4 =1, =0)
= otherwise: compare the next character (i+ — 1.} — 1, repeat)

Brute-force string search

)
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Brute-force string search
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Brute-force string search
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« Start from the beginning, of { = Oand j = 0
= if == m, announce success with s =
~ i i == pll: shiftp (i+ =
otherwise: compare the next

Brute-force string search
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« Start from the beginning, of i = 0 and j = 0

i hiftp (i

1.3+ = 1, repeat)

Brute-force approach: worst case
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Brute-force approach: worst
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Brute-force approach: worst case
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Brute-force approach: worst case
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Brute-force approach: worst case
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Brute-force approach: worst case
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Brute-force appvmch worst case

Brute-force 1ppmach‘ worst case

»  NNNEELEEEE ¢ [AATAAL
» »
 Worscase complexty f the metho s Olam)
~ Crucally mostofthe comparisons e redundant
o> and any cmparten wilh) < 013, e srdy speced
e et
 The main den for mre adance algorlhms I o avold this unnecessry
comparsons
Boyer-Moore algorithm ~Moore algorithm
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« The main idea is o start comparing from the end of p
« 17t does not occur in p, shift m steps
+ Otherwise, align the last occurrence of tll in p with tf]
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« The main idea is to start comparing from the end of p
« I 4[] does not occur in p, shift m steps
« Otherwise, align the last occurrence of il in p with t1]
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+ The main idea i to start comparing from the end of p
« I t}i) does not occur in p, shift m steps.
+ Otherwise, align the last occurrence of [ in p with t]i]

Moore algorithm
smplie version
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Boyer-Moore algorithm
Slighty simplifedversion

¢ PRI AR IaAlr [a[a[e]a

« The main idea is o start comparing from the end of p
« 1£ tfl does not occur in p, shift m steps
« Otherwise, align the last oceurrence of i in p with t(i

Boyer-Moore algorithm

Sighty simplifed version
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+ The main idea is to start comparing from the end of p
« 161i] does not occur in p, shift m steps
+ Otherwise, align the lat occurrence of L] in p with U7

Boyer-Moore algorithm
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p
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« The main idea is to start comparing from the end of p
« 1£ 1] does not oceur in p, shift m steps
+ Otherwise, align the last occurrence of tfi in p with tfi

sttion and ana

+ On average the algorithm performs
better than brute-force

while 1 <'n.
1 T = Pl
st

« In worst case the complexity of the return 1+
algorithm is O(nm), example else:
t=aaa...a,p=baa...a :

3
« Faster versions exist (O(n + m + q)) olae
- dasegor1ts),
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A quick introduction to FSA

« Another efficient way to search a string is
building a finite state automaton for the
pattern

« AnFSA s a directed graph where edges

we labels

state

—
transition

 of the states is the inital state
me states are accepting states
+ We willstudy FSA more in-depth soon

initial state

An FSA for the pattern ACGAC

« Start at state 0, switch states based on the input

- All unspecified transitions go to state 0

« When at the accepting state, announce success

matching

S 45 6 7 8 s wunnw
clc]alclclalcalr[alc e ]a

S wononon o

[ale]

NanEEn

FSA pattern matching
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FSA pattern matching
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FSA pattern matching




FSA pattern matching
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FSA pattern matching
demonsication
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FSA pattern matching
ACIAT [ALe
T

FSA pattern matching

FSA pattern matching
AANEENEENENENE ‘

FSA pattern matching

demanstrston

FSA for string matching

oy tobuild the automaton

« AnFSA results in O(n) time matching, however, we need to first build the
automaton

+ Atany state of the automaton, we want to know which state to go for the
failing matches.

+ Given substring s recognized by a state and a non-matching input symbol a,
we want to find the longest prefix of s such that it s also a suffix of sa

« Anaive O(qm?) (where g
isthesize ofthe alphabet m.isthelength of the patiern)

« I stored in a matrix, the space requirement s O(m?)

« Better (faster) algorithms exist for construction these automaton (we will
cover some later in this course;

Knuth-Morris-Pratt (KMP) algorithm

« The KMP algorithm is probably the most popular algorithm for string
matching

« The idea is similar to the FSA approach: on failure, continue comparing from
the longe

ched prefix so far

+ However, we rely on a simpler data structure (a function/table that tells us
where to back up)
+ Construction of the table is also faster

KMP algorithm
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+ In case of a match, increment both i and j

« On failure, or at the end of the pattern, decide which new pj] compare with
] based on a function f

+ 1l 1] tells which j value to resume the comparisons from

AT A e

« In case of a match, increment both { and j
+ On failure, or at the end of the pattern, decide which new plj] compare with
1l based on a function

« 1l — 1] tells which j value to resume the comparisons from.




KMP algorithn
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« In case of a match, increment both { and j

+ On failure, or at the end of the pattern, decide which new plj] compare with.
1] based on a function f

« 1l 1 tells which j value to resume the comparisons from

KMP algorithm
demonszaton
Lo 12 as s own e
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« In case of a match, increment both { and j

+ O failure,or a the end of the pattern, decide which new pij] compare with
i based on a function f

« 11— 1] tells whichj value to resume the comparisons from

AR ]

« In case of a match, increment both { and j

+ On failure, or at the end of the pattern, decide which new plj] compare with.
4 based on a function f

« 1] tells which j value to resume the comparisons from

KMP algorthm

W on

« In case of a match, increment both L and j

+ O failure,or a the end of the pattern, decide which new pij] compare with
L[ based on a function f

« 11— 1] tells which  value to resume the comparisons from

KMP algorithin
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+ In case of a match, increment both { and

+ On failure, or at the end of the pattern, decide which new plj] compare with
(i based on a function f

+ £~ T tels which j value o resume the comparisons from

KMP algorithm

demonstration

f

« In case of a match, increment both L and

« On failure, or at the end of the pattern, decide which new plj] compare with
i) based on a function f

« 11— 1] tells which j value to resume the comparisons from

KMP algorithm
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« In case of a match, Increment both { and j
+ On failure, or at the end of the pattern, decide which new plj] compare with
4[] based on a function f

« 1l 1] tlls which j value to resume the comparisons from

+ In case of a match, increment both f and

+ On failure,or a the end of the pattern, decide which new pij] compare with
i) based on a function £

« 1l — 1] tell which  value to resume the comparisons from

Complexity of the KMP algorithm

1,9=0,

while 1 ¢

i€ 10 == PO
ity -

« In the while loop, we either increase:
i, or shift the comparison

+ Asa result, the loop runs at most 1
2n times, complexity is O(n)

return g - m b 1
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Building the failure table Building the failure table

Building the failure table

Building the failure table

Building the failure table Building the failure table
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Rabin-Karp algorithm

. Igorith algorithm

« The idea s instead of matching the string itself, matching the hash of it
(based on a hash function)

+ 1fa match found, we need to verify - the match may be because of a hash
collision

« Otherwise, for each posit
text

« However, a hash should be computed for each position (with size m)
+ Rolling hash functions avoid this complication

the

Rabin-Karp string matching

demonstation with additive hashing

hip) =
ST log bk i chanom e etk e Vb S s
coming in and going out of the windo

+ To reduce collisons,beter roling kot functons (. polynomial hash
functions) can also be

Rabin-Karp string matching

demonstration with v hashing

+ A rolling hash function changes the hash value only based on the item
coming in and going out of the window
bete
* functons) ean also be used

(e, poly

Rabin-Karp string matching

demonstraton with additive hashing

+ A rolling hash function changes the hash value only based on the item
coming in and going out of the window
« o reduce collisions, better rolling-hash functions (e, polynomial hash
functions) can also be used

Rabin-Karp string matching

demanstrstion with additive hashin

A rolling hash function changes the hash value only based on the item

coming in and going out of the window

o better rolling-hash functi
functions) can also be used

(e.8. polynomial hash

Rabin-Karp string matching

demonstation with additive hashing

« A rolling hash function changes the hash value only based on the item
comingin and going out of the window
, better rolling-hash functi
* functions) an slso be used

(e pol Ihash

Rabin-Karp string matching

demanstraton with additive hash

+ A rolling hash function changes the hash value only based on the item
coming in and going out of the window.

. (eg. pol
functions) can also be used

Rabin-Karp string matching

demonstation with additive hashing

« A rolling hash function changes the hash value only based on the item
oo i and going out of the windoy
better rolling-hash functi
" funcions) can also be used

(eg. pol Ihash

Summary

+ String matching is an important problem with wide range of applicat
« The choice of algorithm largely depends on the problem
« Wewill on

+ Reading: Goodrich, Tamassia, and Goldwasser (2013, chapter 13)

Next
+ Algorithms on strings: edit distance / alignment, tries
+ Reading: Goodrich, Tamassia, and Goldw .\»er(ZUH chapter 13) Jurafsky
and Martin (2009, section 3,11, or 2.5 in online draft)
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