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Aouécg Eupetnpiou: AiapBpwon AidAegng

Eicaywyn - kivnTpo

AveoTtpapuéva Apxeia (Inverted files)
= Aévdpa KataAngewv (Suffix trees)
= Apyxeia Ymoypagwyv (Signature files)

= Jeipiakn Avalntnon o€ Keipevo (Sequential Text Searching)

= ATTavinon Emepwtocwyv “Taipidopatog MpoTtuTtTou”
(Answering Pattern-Matching Queries)
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“"’ 2eipiakr Avalntnon Keipévou: To mTpoBANua

To mpéBAnua:

find the first occurrence (or all occurrences) of a string (or pattern) p (of length
m) in a string s (of length n)

Commonly, n is much larger than m.

Xpnoeig:

"[Ma elpeon TwWV eyypaQwv TIOU TrEPIEXOUV HIa AEEn (av_dev  €xoupe
EUPETAPIO).

= 3TNV TTEPITITWON TTOU £XOUUE QVECTPAUUEVO EUPETHPIO e block addressing.

= 3TNV TTEPITITWON TTOU £XOUUE APXEI0 UTTOYPAPWYV Yia va BeBaiwBolpe OTI Eva
match &¢v eivai false drop.
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Sequential Text Searching Algorithms

= Brute-Force Algorithm
» Knuth-Morris-Pratt

= Boyer-Moore family
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Brute-Force Algorithm

Brute-Force (BF), or sequential text searching:

Try all possible positions in the text. For each position verify whether the
pattern matches at that position.

Since there are O(n) text positions and each one is examined at O(m)
worst-case cost, the worst-case of brute-force searching is O(nm).
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Brute-Force Algorithm

Naive-String-Matcher(S,P)
n := length(S)
m := length(P)
fori=0ton-mdo
if P[1..m] = S[i+1 .. i+m] then
return “Pattern occurs at position i”
fi

od

The naive string matcher needs worst case running time O((n-m+1) m)

For n = 2m this is O(n?)
Its average case is O(n) (since on random text a mismatch is found after O(1)
comparisons on average)
The naive string matcher is not optimal, since string matching can be done in time O(m +
n)
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Knuth-Morris-Pratt & Boyer-Moore

= Mo ypriyopol aAyopiBuol 1ou Bacifovial O METOKIVOUUEVO
(oAMoBaivov) TrapdBupo (sliding window)

= [evikn 16€a:
= They employ a window of length m which is slid over the text.

= |t is checked whether the text in the window is equal to the
pattern (if it is, the window position is reported as a match).

= Then, the window is shifted forward.

= O1 aAy6piBuol dlaPEPouV OTOV TPOTTO PE TOV OTTOI0 EAEYXOUV Kal
oAloBaivouv (JETOKIVOUV) TO TTapaBupo.
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OAioBnon MNapaBbupou: H yevikn 10éa

p="mama”

I3éa: va amo@uyouue va
dokipdooupe OAeg TIG Béoelg
yia éva Trapdbupo

Mwg; Xpnoiyotroiwvtag Tnv

TTAnpogopia amé
TTPONYOUUEVOUG eAEyxOUG
Tapadupou
OAioBbnon 2 Béocwv
Apou eNéyEoupe £va

Tapdbupo, avegdptnTa  av
Taipiddel e 1o pattern ) oxi,
ndn éxoupe TaIPIGgEl  pIa
akoAouBia  XapakTApwy Kai Mpétel va Koitdgoupe Ta prefixes (TpoBépata) Tou pattern kai va
utopei Aol va  Taipialav douUpe av Taipiddel pe katrolo suffix Tou TTapaBUpou

€KTOG  mBavov  amd  Tov
TeAeUTaio ATTO aAuToUg

To peyaAUtepo duvatd suffix TTou Taipiddel pe katmolo mpdlepa =>
pETaKivNOonN Tou TTapabupou oTnv apxr Tou

E¢apTaTal yévo amé 1o pattern
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9 OAioBbnon Mapabupou: H yevikr 18¢a

p="mana” s
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Knuth-Morris-Pratt & Boyer-Moore
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Knuth-Morris-Pratt (KMP) [1970]

» The pattern p is preprocessed to build a table called next.

= The next table at position j says which is the longest proper
prefix of p[l..]-1] which is also a suffix and the characters
following prefix and suffix are different.

» Hence j-next[j]-1 window positions can be safely skipped if the
characters up to j-1 matched and the j-th did not.
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KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different
j 1 2 34 56 7 8 910 11
pjl] |alb|r|ajcla|d|a|b|r|a
nextj 0 0 0 0 1 01 00 OO0 4
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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el KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different
j 1 2 34 56 7 8 910 11
p[i]_a_bracadabra
nextj] 0 (0j0O 0O 1 01 0 O O O 4
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el KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different
j 1 2 34 56 7 8 910 11
p[i]_a"t_)-racadabra
nextj] 0 0/0f0 1 01 0 0O O O 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different
j 1 2 34 56 7 8 910 11
p[i]rZa"b“r_ alcla|d|a|b|r]|a
nextj] 0 0 0{0|1 0O 1 0 O O O 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different
j 1 2 34 56 7 8 910 11
p[l]a_t;"r_acadabra
nextj 0 0 0 0|1/0 1 0O O O O 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 1 2 34 56 78 910 11
pljilalb|rlalclald|lalb|r|a
nextf] 0 0 0 0 1(0|1 O O O O 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 12 34 56 78 910 11
NENNA

p[l]abraci}dabra

nextf] 0 0 0 0 1 0|1({0 0 O O 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 1 2 34 56 78 91011
pil lalblr|alclaldja|b|r|a
nextil 0 0 0 0 10 1(0]0 0 0 4
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 1 234 56 78 910 11
ol 'F"é"c"a"a'a b)r|a

nextf 0 0 0 0 1 01 0|0[0 O 4

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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“’ KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 1.2 34 56 78 91011
ol (3| b)r)alclald(a|p)r]a
nextf 0 0 00 101 0 000 4

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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“’ KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

CS463 - Information Retrieval Systems

j 1 234 56 78 91011
o] (glb r'?_c"a"d_('é"b_ r@
nextfl 0 0 00 101 00 0f0

Yannis Tzitzikas, U. of Crete
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“" KMP: the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 12 34 56 7891011
anneHOLanD!
nextf] 0 0 0 0 1 01 00 0 0|4

2 ¢ KGO BEaN KOITAUE TOUG XAPAKTAPES OTA APIOTEPA PAG (TTOU TTPONYOoUVTal)

O¢éAoupe TO «uEYaAUTeEPO» ONAadr TO OToIxEiO TTOU aKOAouBei va eivai
OIAPOPETIKO

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

23

“" Exploiting the next table

next[j] = longest proper prefix of p[1..j-1] which is also
a suffix and the characters following prefix and suffix are different

j 1 2 34 56 78 910 11

pjl] |alb|r|ajcla|d|a|b|r|a

nextfl] 0 0 0 0 1 O 00 0O 4
j-next[ji1 0 1 2 3 3 55 7 8 910 7

j-next[j]-1 window positions can be safely skipped if the characters up
to j-1 matched and the j-th did not.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Knuth-Morris-Pratt (KMP) [1970]

The algorithm moves a window over a text and a pointer inside
the window

= Each time a character matches, the pointer is advanced

= Each time a character does not match, the window is shifted

forward in the text to the position given by next (the pointer
position in the text does not)

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete
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Example: match until 2nd char

j 1 2 34 56 7 8 910 11
pjl|alb|r|ajcla|d|a|b|r|a
nextj 0 0 0 0 1 O 00 OO0 4
jnext[jl-1 0 1 2 3 3 5§ 5 7 8 910 7
Sjiaja|r|i|c|a rjajc|a
P E. riajclal|d]|a ria
alblr|lalc|a alb|r]|a
1
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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L8 Example: match until 3rd char

i 1 2 34 56 78 910 11
pjl|alb|r|ajcla|d|a|b|r|a
nextj 0 0 0 0 1 01 00 0O 4
jnext[jl-1 0 1 2 3 3 5§ 5 7 8 910 7
Slalblali|c|la|b|r|alc]|a
Pla|b . aj|clald|a|b|r]|a
a riajcl|ald|a ria
2
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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9 Example: match until 7th char

i1 2

9 10 11

pli] |a|b

O |o;

SREEN

next] 0 O
j-next[j]-1 0 1

o
w o o |+

N
w =

8
a
00 OO0 4
78 910 7

o O | O
(3,

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete
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“" Example: pattern matched

j 1 2 34 56 7 8 910 11

pjl|alb|r|ajcla|d|a|b|r|a
nextj 0 0 0 0 1 01 00 0O 4
jnext[jl-1 0 1 2 3 3 5§ 5 7 8 910 7
S|la|b|r|alc]|a alb|rjalc

o /)
\/
7
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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= Since at each text comparison the window or the text pointer
advance by at least one position, the algorithm performs at most
2n comparisons (for the case where m=n), and at least n.

= The overall complexity is O(m+n)
= The worst case is exactly n+m for finding the 15t occurrence

= Remarks:

= We shouldn’t however forget the cost for building the next table.
= On average is it not much faster than BF

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Finite-Automaton-Matcher

Finite-Automaton-Matcher

» For every pattern of length m there exists an automaton
with m+1 states that solves the pattern matching
problem.

+ KMP is actually a Finite-Automaton-Matcher

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Finite Automata (etravaAnyn)

A deterministic finite automaton M is a 5-tuple (Q,q,,A,%,3), where
— Q is a finite set of states

-, € Q is the start state

— A c Qs a distinguished set of accepting states
%, is a finite input alphabet,

[8: Qx X — Qis called the transition function of M

Let o : ¥ — Q be the final-state function defined as:

For the empty string ¢ we have: o(e) = q

Forallae X, w e 2.* define p(wa) = §(¢(w),a)

M accepts W ifu..f:  @(W) € A

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Example (1)

Q is a finite set of states

q, € Q is the @

Q is a set of accepting sates
X: input alphabet 0
5: Q x X — Q: transition function States

p=«abba»

©

CS463 - Information Retrieval Systems

ORNG
input:  [a| [o] [a] [o] [o] [a] [o] [&] [2] [&]

Yannis Tzitzikas, U. of Crete
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Example (I1)

Q is a finite set of states

q, € Q is the

Q is a set of accepting states

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

®

Yannis Tzitzikas, U. of Crete

O

States

p=«abba»

©
®
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Example (111)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
4 1 | 2

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

ap=«abba»

36
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Example (1V)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

/@\EEE@EEEE@

0
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Example (V)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
4 1 | 2

CS463 - Information Retrieval Systems

ap=«abba»

(2] B [a] (o] o] [] [o] (o] [&] [

S

Yannis Tzitzikas, U. of Crete 38
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Example (VI)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

(2] Bo] [a] o] o] [a] [o] (o] [&] [

HOO

Yannis Tzitzikas, U. of Crete 39

Example (VII)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

[a] B [a] (o] o] [a] [o] (o] [&] [

LOBOB

Yannis Tzitzikas, U. of Crete 40
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Example (VIII)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

(2] B [a] o] o] [a] [e] (o] [&] [

Yannis Tzitzikas, U. of Crete 41

Example (1X)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

EEE@EEEE@

Yannis Tzitzikas, U. of Crete 42
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Example (X)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

[a] B [a] o] o] [a] [o] (o] [&] []

7
VOO ®
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Example (XI)

Q is a finite set of states

q, € Q is the

Q is a set of accepting sates

X: input alphabet

6: Q x £ — Q: transition function

inpu a b
state 1 0
11 1 2
2| 1 3
3| 4 0
41 1 2

CS463 - Information Retrieval Systems

ap=«abba»

[a] B [a] [o] o] [ [e] (o] [a] [a]

Yannis Tzitzikas, U. of Crete 44
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LB Finite-Automaton-Matcher

For every pattern P of length m there exists an automaton with m+1
states that solves the pattern matching problem with the following
algorithm:

Finite-Automaton-Matcher(T,,P)
n := length(T)

q:=0 /linitial state
fori=1tondo

q:= S(q,T[i]) /I transition to the next state
if g = m then // if we reached the state m (which is the final)
return “Pattern occurs at position ” i-m
fi
od

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Computing the Transition Function:
It is actually the idea of KMP

ElEl-1 [5]
][]

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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How to Compute the Transition Function?

Let P, denote the first k letter string of P (i.e. the prefix of P with length k)

Compute-Transition-Function(P, X)
m := length(P)
forq=0tomdo

for each character a € = do
k := 1+min(m,q+1)
repeat

k = k-1

until P, is a suffif of P a
8(q,a) ==k

od

od

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Boyer-Moore (BM)

Avaxtnon [TAnpogopiog 2008-2009

24



Boyer-Moore (BM) [1975]

* Motivation

— KMP yields genuine benefits only if a mismatch as preceded by
a partial match of some length

+ only in this case the pattern slides more than one position
— Unfortunately, this is the exception rather than the rule
* mathes occur much more seldom than mismatches
» The idea

— start comparing characters at the end of the pattern rather
than at the beginning

— like in KMP, a pattern is pre-processed

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete 49

EI ‘What’s this? There is no
L ) “a” in the search pattern

- We can shift m+1 letters

.
Start comparing L8 G
at the end
o] [] []
T
U —//’:/—/'
First wrong B i E E E|
letter! |
Do a large |l —T<
. | L—
shift! . A
Bingo!
Do another
large shift! J p ! I:
That’s it!
‘ ‘ ‘ ‘ ‘ ‘ ‘ 10 letters compared
and ready!

CS463 - Information Retrieval Systems Yannis Tzitzikas, U 50

Avaxtnon [TAnpogopiog 2008-2009

25



Sequential Text Searching
Synopsis

Find the first occurrence (or all occurrences) of a string (or pattern) p (of length m)
in a string s (of length n)

* Brute Force Algorithm
— O(n?) running time (worst case)
*  KMP ~ Finite Automaton Matcher
— Let a (finite) automaton do the job
» Cost: cost to construct the automaton plus the cost to “consume” the string s
— O(m+n) running time (worst case)
» m: for constructing the next table
» n: for searching the text
+ BM Algorithm
Bad letters allow us to jump through the text
Faster in practice
O(nm) running time (worst case)
O(n log(m)/m) average time

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Other string searching algorithms

+ Rabin-Karp
« Shift-Or (it is sketched in the Modern Information Retrieval Book)
+ ...and many others ..

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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L ¥ For more

Algorithm Preprocessing time Matching time’
Naive string search algorithm 0 (no preprocessing) | &(n m)
Rabin-Karp string search algorithm Q(m) average O(m+m),
worst @(n m)
Finite state automaton based search &(m |Z|) B(n)
Knuth-Morris-Pratt algorithm O(m} ©(n)
Boyer-Moore string search algorithm O(m +|Z]) Q(n/m), O(n)
Bitap algorithm (shift-or, shift-and, Baeza-Yates-Gonnet) @(m + |Z|) ©(n)

For more see
» String searching algorithm
http://len.wikipedia.org/wiki/String_searching_algorithm
— To remember what Theta/Omega is, see
* http://delivery.acm.org/10.1145/1010000/1008329/p18-knuth.pdf

« EXACT STRING MATCHING ALGORITHMS, Christian Charras - Thierry
Lecroq,
http://Iwww-igm.univ-mlv.fr/~lecrog/string/index.html (it includes animations in Java)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete 53

Aouécg Eupetnpiou: AiapBpwon AidAegng

= Eloaywyn - KivnTpo

Inverted files (aveoTpapuéva apxeia)
Suffix trees (d€vdpa KATAAAGEWV)
Signature files (apyeia uttoypagwv)
Sequential Text Searching

Answering Pattern-Matching Queries

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete 54
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Answering Pattern Matching Queries

= Searching Allowing Errors (Levenshtein
distance)

= Searching using Reqular Expressions

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Searching Allowing Errors

» Aedopéva:
— 'Eva keipgevo (string) T, pkoug n
— 'Eva pattern P pijkoug m
— k emTperépeva cpdApara
* ZnTOUUEVO:
— Bpeg 0Agg TIg BETEIg TOU KEIPévou OTTOU TO pattern P epgavideral pe 1o
TTOAU k o@dApaTa

Remember: Edit (Levenstein) Distance:

Minimum number of character deletions, additions, or replacements needed to
make two strings equivalent.

“misspell” to “mispell” is distance 1
“misspell” to “mistell” is distance 2
“misspell” to “misspelling” is distance 3

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete
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Searching Allowing Errors

Naive algorithm
— Produce all possible strings that could match P (assuming k errors) and
search each one of themon T
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Searching Allowing Errors:
Solution using Dynamic Programming

* Dynamic Programming is the class of algorithms, which includes
the most commonly used algorithms in speech and language
processing.

* Among them the minimum edit distance algorithm for spelling
error correction.

e [Intuition:

—a large problem can be solved by properly combining
the solutions to various subproblems.
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Searching Allowing Errors:
Solution using Dynamic Programming

‘Evav m x n mivaka C
Mpaupéc Béoeig Tou pattern
2T1AEg B€oeig Tou text

Cli, jl: o eAaxioTog apiBu6g Aabwyv yia va Taipid§oupe 1o P, ; pe éva suffix
TOU T1__j

C[0,j]1=0
Cli, 0] =i /* delete i characters

H 1&6éa gival o uttoAoyioudg pIog TIRAG Tou Trivaka Pe BAon TIG TTPONYOUNEVES
(5nAadn, 1dn UTTOAOYIOUEVEG) YEITOVIKEG TNG
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1]

@MW Searching Allowing Errors:
Solution using Dynamic Programming

Cli, j]: o ehdxioTog apiBudg AaBwv yia va Taipidgoupe 10 P, ; pe éva suffix Tou
T1..j

Cli,jl=
av P, =T,
167¢ Cli-1, j-1]
AMIWG 0 KAAUTEPOG TPOTTOG OTTO TA TTAPAKATW
replace P; pe T, (n To ouppeTpikd) k6aTog 1+CJi-1,j-1]
delete P; k6oTog 1+ CJ[i-1, j]
delete T, 1 + CJ[i,j-1]

add ?7?
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Searching Allowing Errors:
Solution using Dynamic Programming (ll)

Problem Statement: T[n] text string, P[m] pattern, k errors

Example: T = “surgery”, P = “survey”, k=2

To explain the algorithm we will use a m xn matrix C
one row for each char of P, one column for each char of T

(latter on we shall see that we need less sp_?ce)

| 5 | u | r | o | -] r ¥

R
o= = s -

¥
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Searching Allowing Errors:
Solution using Dynamic Programming (lll)

T = “surgery”, P = “survey”, k=2

o1 ypauuég Tou C ekppdalouv TTOCa ypauuaTta Tou pattern éxoupe AdN KATAVAAWGOEI

(oTn 0-ypauuA TiTTOTA, OTN M-YPaUUr 0AGKANPO TO pattern)
C[0,j]1:=0 for every column j

(no letter of P has been consumed)
C[i,0] :=i for every row i

(i chars of P have been consumed, pointer of T at 0. So i errors (insertions) so far)

T
s u r g r ¥
] 0 0 ] 0 ] 1]
5 1
u 2
P r 3
v 4
e 5
¥ G
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Searching Allowing Errors:
Solution using Dynamic Programming (1V)

if P[i]=T[j] THEN C[i,jj:= C[i-1,j-1]
/I eyive match apa ta “AdBn” frav 6oa kai TpIv
Else C[i,j] := 1 + min of:
« Cli-1,j]
— /1'i-1 chars consumed P, j chars consumed of T
— I/ ~delete a char from T
* Clij-1]
— /l'i chars consumed P, j-1 chars consumed of T
— I/ ~ delete a char from P
. C[i-1,j-1]
— /-1 chars consumed P, j-1 chars consumed of T
— /I ~ character replacement
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Searching Allowing Errors:

Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T

5 u r o =] r ¥
0 0 0 0 0 0 0 0
s 1 0 1 1 1 1 1 1
u 2 1 0 i z 2 2 z
P r 3 2 1 0 1 2 2 3
v 4 3 2 1 1 2 3 3
e 5 4 3 2 Z 1 2 3
v f 5 4 B 3 7 7 2
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Solution using Dynamic Programming: Example

« T ="“surgery”, P = “survey”, k=2

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

T
5 u T g B I ¥
0 0 0 0 0 0 0 0
s 1 0 1 1 1 1 1 1
u 2 1 0 i 2 2 2 2
P r 3 2 1 0 1 2 2 3
v 4 3 2 1 1 2 3 3
e 5 4 3 2 2 1 2 3
¥y 6 5 4 3 3 2 2 2
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Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
5 u T g B I il
0 0 0 0 0 ] 0 0
s 1 0 1 1 1 1 1 1
u 2 1 0 i 2 2 2 2
P r 3 2 1 0 1 2 2 3
v 4 3 2 1 1 2 3 3
e 5 4 3 2 2 1 2 3
¥ 6 5 4 3 3 2 2 2
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Solution using Dynamic Programming: Example

« T ="“surgery”, P = “survey”, k=2

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

T
5 L] T g a I ¥
0 0 0 0 0 D 0 0
s 1 0 1 1 1 1 1 1
u 2 1 0 ] 2 2 2 2
=] r 3 2 1 0 1 2 2 3
v 4 3 2 1 1 2 3 3
e 5 4 3 2 2 1 2 3
¥ g 5 4 3 3 2 2 2
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Solution using Dynamic Programming: Example
« T ="“surgery”, P = “survey”, k=2
T
5 1 T g -] I il
0 0 0 0 0 0 0 0
s 1 0 1 1 1 1 1 1
u 2 1 0 ] 2 2 2 2
=] r 3 2 1 0 1 2 2 3
v 4 3 2 ] T 2 3 3
e 5 4 3 2 2 1 2 3
¥ g 5 4 3 3 2 2 2
1+
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Solution using Dynamic Programming: Example

« T ="“surgery”, P = “survey”, k=2

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

T
5 u r g =] r ¥
0 0 0 0 0 b} 0 0
s 1 i 1 1 i 1 1 1
u 2 1 i i 2 2 2 2
P r 3 2 1 i 2 2 3
v 4 (I 1 1 2 3 3
e 5 4 1 3 2 2 1 2 3
¥ é 5 | 4 3 3 2 2 2
1+
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Solution using Dynamic Programming: Example
« T ="“surgery”, P = “survey”, k=2
T
5 u r g =] r il
0 0 0 0 0 b 0 0
s 1 i 1 1 1 1 1 1
u 2 1 i i 2 2 2 2
P r 3 2 1 i 2 2 3
v 4 o 1 1 2 3 3
e 5 4 1 3 2 2 1 2 3
¥ f 5 | 4 3 3 2 3 2
1+
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Solution using Dynamic Programming: Example

« T ="“surgery”, P = “survey”, k=2

Bold entries indicate matching positions.

CS463 - Information Retrieval Systems

Yannis Tzitzikas, U. of Crete

T
5 u r g =] r ¥
0 0 0 0 0 b} 0 0
s 1 i 1 1 i 1 1 1
u 2 1 i i 2 2 2 2
P r 3 2 1 i 2 2 3
v 4 (I 1 T 2 3 3
e 5 4 1 3 2 2 T 2 3
¥ é 5 | 4 3 3 2 2 2
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Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
5 u r g =] r il
0 0 0 0 0 b 0 0
s 1 i 1 1 1 1 1 1
u 2 1 i i 2 2 2 2
P r 3 2 1 i 2 2 3
v 4 o 1 1 2 3 3
e 5 4 1 3 2 2 T 7 E
¥ f 5 | 4 3 3 2 2 2

» Cost: O(mn) time where m and n are the lengths of the two strings being compared.
* MMapartipnon: n ToAUTTAOKATNTA €ival aveEdPTNTN TOU K
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Solution using Dynamic Programming: Example

« T ="“surgery”, P = “survey”, k=2

T
5 u r 2 r ¥

0 0 0 0 0 I 0 0

5 1 ] 1 1 1 1 1 1

u 2 1 0 1 2 2 2 2

P r 3 2 1 0 1 2 2 3
v 4 2 5 1 1 2 3 3

e ] 4 3 2 2 1 2 3

¥ f B 4 3 3 2 2 2

* Cost: O(mn) time where m and n are the lengths of the two strings
being compared.
+ O(m) space as we need to keep only the previous column stored

— So we donnot have to keep a mxn matrix
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E@appuoyr oTto groogle

grOOGLE™™ =

Search

results per page | []clustering | [

RDF/ XML results i

list of documents matching the search

Your search - Movermmenimo -
did not match any documents.

Did you mean ?

O novemigTrpio
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Searching Allowing Errors
Solution with a Nondeterministic Automaton

Searching Allowing Errors:
Solution with a Nondeterministic Automaton

At each iteration, a new text character is read and automaton changes its state.

Every row denotes the number of errors seen
— (O for the first row, 1 for the second, and so on)
Every column represents matching to pattern up to a given position.
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Searching Allowing Errors:
Solution with a Nondeterministic Automaton

SN WL IV WL EVe WL I WLIVG WE o

_.»'\ T
: 7
; 5
E=,
1
A
2
:
3
3

1 ettor

* Horizontal arrows represents matching a document.
» Vertical arrows represent insertions into pattern

« Solid diagonal arrows represent replacements (they are unlabelled: this means that they
match any character)

« Dashed diagonal arrows represent deletion in the pattern (¢: empty).
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Searching Allowing Errors:
Solution with a Nondeterministic Automaton

» Search time is O(n)
— d&pa n péBodOG auTh gival o aTTOdOTIKN ATTO TNV TEXVIKI WE OUVAMIKO
TTpoypappatiopd (mou frav O(mn))
» However, if we convert NDFA into a DFA then it will be huge in
size
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Searching using Reqular Expressions

&8 Searching using Regular Expressions

Classical Approach
(a) Build a ND Automaton
(b) Convert this automaton to deterministic form

(a) Build a ND Automaton
Size O(m) where m the size of the regular expression
M.x. regex = b b* (b | b* a)

O
O
b
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9. Searching using Regular Expressions (l)

(b) Convert this automaton to deterministic form
— It can search any regular expression in O(n) time where n the size of text
— However, its size and construction time can be exponential in m, i.e. O(m
2°m).
bb*(b|b*a) =(bb*b|bb*b*a)=(bbb*|bb*a)

Bit-Parallelism to avoid constructing the
deterministic automaton (NFA
Simulation)
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Pattern Marching Queries
and Index Structures
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Pattern Matching Using Inverted Files

* [ponyoupévwg €idape TTwG YTTOPOUUE VA ATTOTIMACOUNE ETTEPWTHOEIG UE
Kpitpia TUtrou Edit Distance, RegExpr, avaTpéxoviag oTa Keipeva.

* Ti kd&voupe av éxouue NdN €va Inverted File ?

— Bpiokoupe Tig Aé€eig TTou Taipidlouv

Taipiagav.

* If block addressing is used, the
search must be completed with a
sequential search over the blocks. Index terms

— Wayxvoupue 10 AeEINGYIO avTi TWV KEIPEVWYV (APKETA UIKPOTEPO O€ UEYEDOG)

— ZUyXwveuoue TIG AioTeg epgpavioewv (occurrence lists) Twv AéEewv TToU

computer

—>|D4| |

+ Technique of inverted files is not |database

[ D.3 | ]

able to efficiently find approximate

matches or regular expressions °e
that span many words. science Lt | |
system I —+—— D2
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Pattern Matching Using Suffix Trees

KEipEvQ;

* Ti1 kdvoupe av £xoupe NN é€va Suffix Tree?
* MTTOpPOUNE VA QATTOTINACOUE TIG ETTEPWTNOEIG EKEN, AVTI OTA

Suffix Trie
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Pattern Matching Using Suffix Trees (ll)

If the suffix trees index all text positions (not just word beginnings) it
can search for words, prefixes, suffixes and sub-stings with the same
search algorithm and cost described for word search.

Indexing all text positions normally makes the suffix array size 10 times
or more the text size.

@ <

cacao cC a ®

o o

a c ©

® ® ®
C c o a
O——[%0] | versus o o -
a (o]
[ o
(]
o
if word beginnings if all text positions
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Pattern Matching Using Suffix Trees (lll)

+ Range queries are easily solved by just searching both extremes
in the trie and then collecting all the leaves lie in the middle.

Consider the query: “letter” < q < “many” where < has
a lexicographic meaning
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Pattern Matching Using Suffix Trees (IV)

» Regular expressions can be searched in the suffix tree. The
algorithm simply simulates sequential searching of the regular
expression

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete 87

Some Software Packages for String Searching

* A recent software package that implements several recently
emerged string matching algorithms (code available in C++) is
available at:

— http://flamingo.ics.uci.edu/releases/1.0/

+ StringSearch: Searching algorithms written in Java (includes
implementations of the Boyer-Moore and the Shift-Or (bit-parallel)
algorithms). These algorithms are easily five to ten times faster
than the naive implementation found in java.lang.String. Available
at

— http://johannburkard.de/software/stringsearch/

+ Algorithm FJC in Java

— http://www.sfu.ca/~cjenning/fjs/index.html
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