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Aopég Eupetnpiou: AiapBpwon AidAegng

Eicaywyn - kivntpo

« AveoTtpaupéva Apxeia (Inverted files)

« Aévdopa KataAngewv (Suffix trees)

« Apxeia Ymroypagwv (Signature files)

« 2cgpiakn Avadntnon oe Keipevo (Sequential Text Searching)

» Atmavinon Emepwtriocwy “Taipidopatog MNMpotutrou” (Answering
Pattern-Matching Queries)
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Signature files (apxeia utroypa@wyv)

Apxeia Ytroypaogwyv (Signature Files)

Kupia onpeia:

» Aoun eupetnpiou TToU Baciletal oto hashing

* Mikpn) Xwpikn empapuvon (10%-20% Tou peyEOBOUC TWV KEIMEVWV)
* Avalntnon = ocipiakr avalnAtnon OTo apXEio UTToypapwyv

* KatdAAnAn yia éxi1 ToAU peydAa Keipeva

2 UYKEKPIMEVQ

« Xpnron hash function tTou avTioToixei AECeIC Kelpévou o€ bit masks
Twv B bits

* Alapépion Tou Kelpévou o€ blocks Twv b AéCewv To KaBéva

» Bit mask of a block = Bitwise OR of the bits masks of all words in
the block

* Bit masks are then concatenated
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Apxeia Ytroypapwv: MNapdadeiyua

b=3 ( 3 words per block) B=6 (bit masks of 6 bits)

Block 1 Block 2 Block 3 Block 4
Text |Thisis a text.|A text has many|words. Words are [made from letters.

N 4

Text Signature | 000101 110102 [100100|' [101101 | 1

h(text)= 000101
Signature Function | h(many)= 110000
h(words)=100100
h(made)= 001100
h(letters)=100001

lari Bitwise-OR?
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Apxeia Ytroypagpwv: Avalntnon

‘EoTw OTI avalnToUuue Yia AEgn w:

1/ W :=h(w) (we hash the word to a bit mask W)

2/ Compare W with all bit masks Bi of all text blocks
If (W & Bi = W), the text block i is candidate (may contain the word w)

3/ For all candidate text blocks, perform an online traversal to verify
that the word w is actually there
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False drops (false hits)

» False drop: All bits of the W are set in Bi but the word w is not

there

w=«words», h(«words»)=100100

Block 1

Block 2

Block 3

Block 4

Text |[Thisis a text.

A text has many

words. Words are |made from letters.

S

Text Signature

000101 ¢

110101k )100100

101101

h(text)=

Signature Function | h(many
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h(made

h(words)=100100

h(letters)=100001

000101
)= 110000

)= 001100

N—
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Alauéppwon (Configuration) utroypagpwyv

* [Napapetpor:
— B (10 péyeBog Twv bit mask)
— L (L<B) to mAnBo¢ Twv bit TTou €ival 1 (o€ KGO h(w))

* 2XeDIOOTIKOI OTOXOI:
— Meiwoe Tnv mlavoerTnTa supdviong false drops
— Kpdrtnoe 10 yéyeB0g TOU OpXEIOU UTTOYPAPWY MIKPO
+ dev £xoupe kavéva false drop av b=1 kai B=log,(V)

* The (space)-(false drop probability) tradeoff:
— 10% space overhead => 2% false drop probability
— 20% space overhead => 0.046% false drop probability
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Apxeia Ytroypagwv: ANeG MNapatnpnoecig

* MéyeBoc apxeiou uTToypa@uV:
— bit masks of each block plus one pointer for each block
* (pointing to the corresponding position at the original text)
e 2UVTAPNON AapPXEiOU UTTOYPOPWV:
— H mpooBnkn/diaypa@r apxeiwv avTIHETWTTICETAI EUKOAQ
» TTpocBETOVTAI/dlaypdgovTal Ta avTioTolxa bit masks
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Signature files: Phrase and Proximity Queries

» Good for phrase searches and reasonable proximity queries

— this is because all the words must be present in a block in order for that
block to hold the phrase or the proximity query. Hence the OR of all the
qguery masks is searched

* Remark:
— no other patterns (e.g. range queries) can be searched in this scheme
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Phrase/Proximity Queries and Block Boudaries

g=<information retrieval>

Text blocks

Overlapping
blocks

Information |retrieva|

(rpoBAnual Mrropouue duwg va 1o Auocouue ue emkaAutrroueva blocks)

Information|retrieval

For j-proximity queries

4 X
™ o\ ]
o j-1 common words
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Aopég Eupetnpiou: AiapBpwon AidAegng

* Eloaywyn - kivnTtpo

 Inverted files (aveoTpappéva apxeia)
» Suffix trees (d€vOpa KATAAACEWV)

» Signature files (apxeia utroypa@wv)
« Sequential Text Searching

« Answering Pattern-Matching Queries
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2eipiokn Avadntnon Keiyévou: To TTpoBAnua

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.

XpNoceIg:
['1a e0peon TWV eyYPAPWYV TTOU TTEPIEXOUV UIa AEEN (av OEV EXOUUE EUPETIPIO).
*2TNV TTEPITITWON TTOU £XOUNE AVECTPAPUEVO EUPETHPIO UE block addressing.

* 2TNV TTEPITITWON TTOU £XOUNE QPXEIO UTTOYPA@WY Yia va BeRaiwBouue 611 Eva
match dev givai false drop.
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Sequential Text Searching Algorithms

e Brute-Force Algorithm

e Knuth-Morris-Pratt

e 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

Knuth-Morris-Pratt & Boyer-Moore

* [ho ypriyopol aAyépiBuol Tou Baci¢ovral 0€ METAKIVOUUEVO
(oA1oBaivov) TTapdBupo

* [evikn 10€a:

— They employ a window of length m which is slid over the text.

— It 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 dla@EPOUV OTOV TPOTTO HE TOV OTTOI0 EAEYXOUV KAl
oAloBaivouv (JETAKIVOUV) TO TTapaBupo.
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OAioBnon MapaBupou: H yevikA 16€a

p=mama S [m][a]ln][a][m][a][m][a]fo|[a]lc)[c][e][T][]
| o] i [ = |
Dinisin
\ ) —( —( — S
\ mypajpmipa,
OAioBnon 3 Béocwv RS . 2
]| |[m]a]
OAicBbnon 2 Béocwv . aqmipa
] [« {[m][ 2]

* It does not try all window positions as BF does. Instead, it reuses
information from previous checks.
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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[1..j-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-7 matched and the j-th did not.
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KMP: the next table

nextfj] =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] |lal|b|r|jajc|lajdja|b|r]a
nextf] 0 0 0 0 1 01 00 OO0 4
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2007 21

KMP: the next table

nextfj] =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 78910 11
p[j]r_a_bracadabra
nextj] 0|{0|0 O 1 01 00O OO 4
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KMP: the next table

nextfj] =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
p[i]_a"k_)-racadabra
nextf] 0 000 1 01 0 0 O O 4
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KMP: the next table

nextfj] =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 78910 11
pli] alb|rjalc|lald|alb|r|a
nextf] 0 0 0)0|1 01 00 OO0 4
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KMP: the next table

nextfj] =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
pli] aJb|r(a)c|a|d|a|b|r|a
nextf] 0 0 0 O(1/0 1 O O O O 4
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KMP: the next table

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

i 1 2 3 4
iy

oli] | a rla
nextj] 0 0 0 0O 1

7 8 9 10 11
dla|b|r|a

1 00 OO 4

Ol om
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KMP: the next table

nextfj] =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
pli] a_b"ré"c_La_ dlia|b|r]a
nextf] 0 0 0 0 1 0|1({0 O O O 4
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KMP: the next table

nextfj] =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 3456 78 91011
ol la|blr{alclald|a|b|r|a
nextfff 0 0 0 0 1 0 1 (0|0 0 0 4
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KMP: the next table

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

P[] a‘b;r

i 1 2 34 56
alcla
nextjl] 0 0 0 0 1 01 0(0|0 0 4

7
lclald

Q
/
\
-
Q
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KMP: the next table

nextfj] =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
‘lapenankarioE
nextf 0 0 0 0 1 01 0 O0|0|0 4
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KMP: the next table

nextfj] =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
oli] f' blr @"c"a"&{@"b' N[ a)
nextf] 0 0 0 0 1 01 00 0f|0|4
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KMP: the next table

nextfj] =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
Jla0npHAEI0aD!
nextf] 0 0 0 0 1 01 00 0 O0)|4
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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 12 34 56 7 8 910 11
pjl] |lal|b|r|jajc|lajdja|b|r]a
nextf 0 0 0 0 1 01 00 OO 4
jnext[j-1 0 1 2 3 3 5 5 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.
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Example: match until 2nd char

j 12 34 56 7 8 910 11
p[jl] /lalb|r|ajcja|dlajb|r|a
nextj] 0 0 0 0 1 01 00 0O 4
jnext[jk1 0 1 2 3 3 55 7 8 910 7
Slaja|lr|i|jcla|b|rjalc|a
Pa.racadabra
albjrlajc|a alb|r|a

CS463 - Information Retrieval Systems
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Example: match until 3rd char

i 12 34 56 7 8 910 11
p[jl /lalb|r|ajcja|dlajb|r|a
nextj] 0 0 0 0 1 01 00 0O 4
jnext[jk1 0 1 2 3 3 55 7 8 910 7
Sla|blali|jcla|b|r|la|c|a
pab.acada ria
alb|{r|lajc|a|d]|a rla

CS463 - Information Retrieval Systems
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Example: match until 7th char

j 12 34 56 7 8 910 11
p[jl] /lalb|r|ajcja|dlajb|r|a
nextj 0 0 00 1 01 00 OO0 4
jnext[k1 0 1 2 3 3 55 7 8 910 7

CS463 - Information Retrieval Systems
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Example: pattern matched

j 1 2 34 56 7 8 910 11
p[jl /lalb|r|ajcja|dlajb|r|a
nextfl 0 0 00 1 01 00 0O 4
jnext[jl-1 0 1 2 3 3 55 7 8 910 7

- /
Y
7
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KMP: Complexity

» Since at each text comparison the window or the text pointer

advance by at least one position, the algorithm performs at most
2n comparisons (and at least n).

« We shouldn’t however forget the cost for building the next table.

* The overall it is O(m+n)

* On average is it not much faster than BF
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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, Spring 2007
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Finite Automata (eravaAnyn)

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

—q, € Q is the start state

— A c Qs a distinguished set of accepting sates
%, is afinite input alphabet,

18: QxX — Qis called the transition function of M

Let ¢ : £ — Q be the final-state function defined as:

For the empty string € we have: o(e) = Qo

Foralla e 2, w e 2* define o(wa) = §(o(w), a)

M accepts W if....f: o(w) e A
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Example (I)

Q is a finite set of states p=«abba»
q, < Q is the @

Q is a set of accepting sates

Y: input alphabet 0

§: Q x T — Q: transition function States @

© @
input:  [a] [b] [a] [o] [o] [2] [o] [&] [2] [&]
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Example (ll)

Q is a finite set of states

q, < Q is the

Q is a set of accepting states

X: input alphabet

8: Q x 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
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p=«abba»

®

@
®

43

Example (1)

Q is a finite set of states

q, < Q is the

Q is a set of accepting sates

Y: input alphabet

8: Q x 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
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ap=«abba»
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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

8: Q x 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»

%EEEEEEEEE

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

Y: input alphabet

8: Q x 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] [o] [=] [o] [e] [=] [] [e] [&] []

ot

Yannis Tzitzikas, U. of Crete, Spring 2007

o

46




Example (VI)

Q is a finite set of states ap=«abba»

q, < Q is the b
Q is a set of accepting sates C\
X: input alphabet 0
5: Q x X — Q: transition function
inpu a b
state 1 0
a
11 1 2
21 1 3
[a] [o] [a] [&] [&] [&] [&] [&] [&] [&]
0
41 1 2
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Example (VII)

Q is a finite set of states ap=«abba»

q, < Q is the b
Q is a set of accepting sates C\
Y: input alphabet 0
8: Q x X — Q: transition function
inpu a b
state 1 0 n
11 1 2
20 1 3
(=] (o] [a] [o] [e] [a] [o] [e] [=] [&]
0
41 1 2
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Example (V)

Q is a finite set of states ap=«abba»

q, < Q is the b
Q is a set of accepting sates C\
X: input alphabet 0
5: Q x X — Q: transition function
inpu a b
state 1 0
a
11 1 2
21 1 3
[a] [o] [a] [o] [&] [&] [&] [&] [&] [&]
3| 4 0 L
AR 0 ‘ ‘ ‘ b
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Example (IX)

Q is a finite set of states ap=«abba»

q, < Q is the b
Q is a set of accepting sates C\
Y: input alphabet 0
8: Q x X — Q: transition function
inpu a b
state 1 0 n
11 1 2
20 1 3
(=] (o] [a] [o] [e] [a] [&] [e] [=] [&]
3] 4 | 0 [ ‘ ‘ ‘ “ \‘
AR VDWQOQOLOE
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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

5: Q x 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] o] [=] [] [e] [=] [] [e] [&] [a]

[
VIOLOIONOXOXD
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Example (XI)

Q is a finite set of states

q, < Q is the

Q is a set of accepting sates

Y: input alphabet

5: Q x 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] o] [=] [] [e] [=] [] [e] [a] [a]
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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,8,P)
n := length(T)

q:=0 [/ initial state
fori=1tondo

q:= 5(q,T[i]) / transition to the next state
if g = m then // if we reached the state m
return “Pattern occurs at position” i-m
fi
od

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2007
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Computing the Transition Function:
It is actually the idea of KMP

2] [3]
3]
QD
3]
[ |
©
[ |
=]

=[]
=12

[=1[5][- |

.|m|
.|9’|

= [[2][]

][]
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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, )
m := length(P)
forqg=0tomdo

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

repeat
k :=k-1
until Py is a suffix of P a
8(q,a) =k
od
od
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2007
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Boyer-Moore (BM)




Boyer-Moore (BM) [1975]

* Motivation

e The idea

than at the beginning
— like in KMP, a pattern is pre-processed

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

* only in this case is the pattern slides more than 1 position
— Unfortunately, this is the exception rather than the rule
* mathes occur much more seldom than mismatches

— start comparing characters at the end of the pattern rather
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Boyer-Moore: The idea by an example
(R I I I . L 1y |
mifal]||ln af|ln p t p
:§:<
i lm - What’s this? There is no
Pt L “a” in the search pattern
L jl We can shift m+1 letters
— wulm
= o (= ——
. ] An “a” again...
Start comparing
at the end | .
p i
/—7’=;— N
[ L T
First wrong /’/,/’ T T T ]
letter! I [ I
Do a large L e
shift! ( _ L
Bingo! ]
Do another .
large shift! | I:'
That’s it!
|| || || | 10 letters compared /[
and ready!
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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
— 0O(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
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Other string searching algorithms

« Rabin-Karp
« Shift-Or (it is sketched in Book)

* and many others ..
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Aopuéc Eupetnpiou: AiapBpwon AIGAEENC

* Elocaywyn - KivnTpo

 Inverted files (aveoTpappéva apxeia)

» Suffix trees (d€vOpa KATAAACEWV)

» Signature files (apxeia utroypa@uwv)

« Sequential Text Searching
 Answering Pattern-Matching Queries
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Answering Pattern Matching Queries

« Searching Allowing Errors (Levenshtein distance)
« Searching using Reqular Expressions
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Searching Allowing Errors

» Aegdopéva:
— 'Eva keipevo (string) T, pijkoug n
— 'Eva pattern P pikoug m
— K emtpemépeva ocpaApara
* ZNTOUMEVO:
— Bpgg 6Agg 11g B€o eI TOU KEIPEVOU OTTOU TO pattern P epgavileTal pe 1o
TTOAU k c@daApaTa

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
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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.

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 (ll)

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

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

We will use a mxn matrix C

one row for each char of P, one column for each char of T

=y
o= ===

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

T = “surgery”, P = “survey”, k=2

o1 Ypauuég Tou C ekppddouv TTO0a ypduuaTa Tou pattern €xoupe ndn KATavoAwOoEl

(otnv O ypapun TiTTOTA, 0TV M YPAUPry OAGKANPO TO pattern)
C[0,j]:= 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
f g u r g a ¥
0 ] 0 0 ] i 0
s 1
u 2
P r 3
v 4
e o,
¥ f
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Searching Allowing Errors:
Solution using Dynamic Programming (I1V)

Cli,jl := CJi-1,j-1], if P[i]=T][j]

/Il eyive match dpa ta “AdBn” Tav 6ca kai TTpIv
Else CJi,j] := 1 + min of:
* CJ[i-1,j]

— /l'i-1 chars consumed P, j chars consumed of T

— [/l ~delete a char from T

o CIi,j-1]
— /l'i chars consumed P, j-1 chars consumed of T
— /I ~ delete a char from P

« Cl[i-1,j-1]
— /l'i-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
u
5 u r g a r ¥
] 1] ] 1] 0 i ] ]
5 il 0 1 1 1 | 1 1
u 2 1 ] 1 2 2 2 2
P r 3 2 1 1] 1 2 2 3
v 4 3 2 1 1 2 2 3
e 3 4 3 2 2 1 2 3
¥ & 9 4 3 3 2 2 2
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Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
u
£ i} r g o r il
] 0 ] 0 0 i 0 ]
s Jl 0 1 1 1 | 1 1
u 2 1 ] 1 2 2 2 2
P r 3 2 1 1] 1 2 2 3
v 4 5 2 1 1 2 3 3
e 3 4 3 2 2 | 2 3
¥ & 9 i 3 3 2 2 2
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Solution using Dynamic Programming: Example

« T ="surgery”, P = “survey”, k=2

T
u
g i r g o r ¥
] 1] ] 1] 1] i ] ]
5 il ] 1 1 1 | 1 1
u 2 1 ] 1 2 2 2 2
P r 3 2 1 1] 1 2 2 3
v 4 3 2 1 1 2 2 3
e 3 4 3 2 2 1 2 3
¥ & 9 4 3 3 2 2 2
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& @ Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
u
£ i} r g o r il
] 0 ] 0 0 i 0 ]
s Jl ] 1 1 1 | 1 1
u 2 1 ] 1 2 2 2 2
P r 3 2 1 ] 1 2 2 3
v 4 5 2 1 1 2 3 3
e 3 4 3 2 2 | 2 3
¥ & 9 i 3 3 2 2 2
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Solution using Dynamic Programming: Example

« T ="surgery”, P = “survey”, k=2

T
u
g i r g o r ¥
] 1] ] 1] 1] i ] ]
5 il ] 1 1 1 | 1 1
u 2 1 ] 1 2 2 2 2
P r 3 2 1 1] 1 2 2 3
v 4 3 2 1 1 2 2 3
e 3 4 3 2 2 1 2 3
¥ & 9 4 3 3 2 2 2
1+
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Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
u
£ i} r g o r il
] 0 ] 0 0 i 0 ]
s Jl ] 1 1 1 | 1 1
u 2 1 I 1 . 2 2 2
P r 3 2 1 1] 2 2 3
v 4 5 2 1 1 2 3 3
e 3 4 3 2 2 | 2 3
¥ & 9 i 3 3 2 2 2
1+
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Solution using Dynamic Programming: Example

« T ="surgery”, P = “survey”, k=2

T
u
g i r g o r ¥
] 1] ] 1] 1] i ] ]
5 il ] 1 1 1 | 1 1
u 2 1 2 2 2
P r 3 2 1 1] 2 2 3
v 4 5 2 1 1 2 2 3
e 3 4 3 2 2 1 2 3
¥ & 9 4 3 3 2 2 2
1+
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Solution using Dynamic Programming: Example
« T ="surgery”, P = “survey”, k=2
T
u
£ i} r g o r il
] 0 ] 0 0 i 0 ]
s Jl ] 1 1 1 | 1 1
u 2 1 I 1 . 2 2 2
P r 3 2 1 1] 2 2 3
v 4 5 2 1 1 2 3 3
e 3 4 3 2 2 1 2 3
¥ & 9 i 3 3 2 2 2
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Solution using Dynamic Programming: Example

. T — “Surgery”, P - “Survey”, k=2
T

-
kg 1]
= fm

—
—

Dh|h]| B )| o =
h| e el o — BTl T e
B | Ao f—
L BN p—

—|
ol | | o | s | —
(o] (o] [NE NN ol e ey B ]
b [ 3| L | L] | I | et T

- T I O I =

Bold entries indicate matching positions.

» Cost: O(mn) time where m and n are the lengths of the two strings being compared.

+ [apatripnon: n TOAUTTAOKOTNTA €ival AVECAPTNTN TOU K
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Solution using Dynamic Programming: Example

N T — “Surgery”, P = “SUI’VGy”, k=2

—

L=
Ll By=]
..

b [ 2| e | WD | D | = | e

Lo el RNOVE R Bl e el ]

PN T Bl el el Rl oy K] | (-]

Fio R E R o I el Y P §—]
PSR e o e R e e L ]

a8 MY 0 RV R I O Y
L) o N Bl T R e B2

e - T I I =
b | = | [3) [ | [ | —

» 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
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Searching Allowing Errors
Solution with a Nondeterministic Automaton

Searching Allowing Errors:
Solution with a Nondeterministic Automaton

\ . \ X
N “ \ . N
N . \ N
: . . N .
.\ A
N . b < 3
“ \ N . \
Y Y kY hY
i} 3 h = e by 1 = 2 A4
) (\ LR 1E e . . Vo B . ©

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

o CIrors

W
_“k\ 5_{’\'. 'LJ‘_\J.’"”':\'L I f"‘:\(\V:C CWQ)\T{@

p
( 3 1 error
)
e 2 error

* 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)
— apa n hEBODdOG auTA €ival TTI0 ATTOBOTIKA ATTO TNV TEXVIKH HWE BUVAUIKS
TTpoypaupatiopd (trou Atav O(mn))
* However, if we convert NDFA into a DFA then it will be huge in
size
— An alternative solution is BIT-Parallelism
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Searching using Regular Expressions

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
[1.x. regex = b b* (b | b* a)
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Searching using Regular Expressions (Il)

(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 a. b
Simulation) ’
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Pattern Marching Queries
and Index Structures




Pattern Matching Using Inverted Files

* [lponyoupévwg €idape TTWG JTTOPOUUE VA ATTOTIUOOUE ETTEPWTHOEIG PE
KpitApia Tuttou Edit Distance, RegExpr, avatp€éxoviag oTa KEiPeva.
* TiI kGvoupe av éxouue NN €va Inverted File ?
— Wayvoupe 10 AeCINOYIO QVTi TWV KEIPEVWY (QPKETA PIKPOTEPO O€ PEYEDOQ)
— Bpiokoupe TIG AéCeIG TTOU TaIpIAlouv
— ZUYXWVEeUOUE TIG AioTeg epgavioewyv (occurrence lists) Twv AéCewv TTOU
Taiplagav.

» If block addressing is used, the
search must be completed with a
sequential search over the blocks. Index terms
computer 3 D4 | |

- Technique of inverted files is not |database | o——p 3 [ |

able to efficiently find approximate

matches or regular expressions °ee
that span many words. science 4D, 4 | | | |
system 1——
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Pattern Matching Using Suffix Trees

* Ti ka&voupue av £€xoupe AON Eva Suffix Tree?
* MrTTOopOUlE VA ATTOTIUNOOUE TIC ETTEPWTACEIS EKEI, AVTI OTA
KEipEVQ;

Suffix Trie

40

33
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Pattern Matching Using Suffix Trees (lIl)

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.

(0]
9.0
cacao
0 O
c - - -
O——|50 versus 7 X ¢
a ‘ . ‘ (0]
o -
-
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Pattern Matching Using Suffix Trees (llI)

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

“letter” < q < “many”

60
| . q 50
m
n 28 «» 19
t e X
11
W d «“» 40
(o) r S

33
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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

g=ma*

40

33
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Aopécg Eupetnpiou: AilapBpwan AiaAecnc

* Eloaywyn - kivhtpo

 Inverted files (aveoTpapuéva apxeia)
» Suffix trees (d€vOpa KATAAACEWV)

» Signature files (apxeia utroypa@wv)
« Sequential Text Searching

« Answering Pattern-Matching Queries
— directly on documents
» Searching Allowing Errors
» Searching using Regular Expressions
— on indices (inverted files and suffix trees)
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References

 Some slides were based on the slides of
— Christian Schindelhauer (University of Paderborn)

» A recent software package that implements several string
matching algorithm
— http://flamingo.ics.uci.edu/releases/1.0/
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