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Applications
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Seed Elastic-Degenerate Symbol
S £

Elastic-Degenerate String

X
Example
S1 &1 So & S3
N ab aabcab
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Elastic-Degenerate String

X
- k k—11&l
1%l = & 1sil+ £ 5% 181
Example
4 2+34+4 & 6+3 2
ab
. b b
X abbc aab cca aaCbcaa bb
acca

Total size (||X||) = 27
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Elastic-Degenerate String

X
Length
1X]
1= 3 sl 4k
Example
1234 5 678 9 10 11
b
N < aabcab
X abbc aab cca bb
cba
acca

Length (|X|) = 11
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Elastic-Degenerate String
X

possibility-set

R

{81B1,0, S2B2,ry -+ Ex—1,r_, Sk} ¥ri,1 <i <k —1such that 1 <7y < |&]

Example
abbc ab cca aabcabd b b
b
N < aabcab
X abbc aab cca bb
cba
acca

R = {abbcabccaaabeabbb, abbcabecacbabb, abbcaabecaaabeabbb, abbaabecacbabb, abbcaccaccaaabeabbb, abbecaccaccacbabb}
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TERMINOLOGY Il

Matching (X ~ V)

An elastic-degenerate string X with k seeds and a solid string Y are said to match, denoted by
X ~ Y, if, and only if, there exists a solid string
S=051E1,rS2E2ry ... Ep_1,pp Sk, 1 <7 < |€;], obtained from X (i.e. S € R of X), such

that S = UYV, where U,V € %, satisfying:

U=¢,V=¢ if S1 #¢e, S #¢
El,rl # e,V =g, U is either empty or a prefix of E1<,7"1 if S1 =¢, S #e
Ek—1,rp_1 # e, U =¢€, V is either empty or a suffix of Ek—1,rp_1 if S1 #e, Sy, =c¢
El,’f'l # €, U is either empty or a prefix of Elﬂ"'l’
if S1 =€, S = e.

Ek'*lﬂ"k—l # e, V is either empty or a suffix of Ekflvrk—l

Illustration
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Occurrence (X ~Y)

In an elastic-degenerate string (text) T, a solid string (pattern) P is said to have an occurrence
starting and ending at positions ¢ and j respectively, if P ~ T'[i..j]. An occurrence is
represented as the pair of starting position ¢ (head) and ending position j (tail).

Illustration
S1 &1 Sa &2 S3 &3 Sy
3 8 10 11 14 15 17 ) 22 24
. . - . b
@ ¢ cabbdb
X;laacabbcbbc aab | bb|acabbecbb|bacabbe bbe cbe
— acca cba
5 = 5 laacabb |
Occurrences: (3,8),(10,15), (11,14), (11,15), s ,(22,24)
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ALGORITHMIC TOOLS: SUFFIX TREE

Suffix Tree ([Crochemore et al., 2007])

® The suffix tree S(X) of a non-empty string X of length n is a compact trie representing all
the suffixes of X such that S(X) has n leaves, labelled from 1 to n.

e Example: X = “BANANAS$”;

® Linear Time and Space Construction ([Weiner, 1973, McCreight, 1976, Ukkonen, 1995])
® After Linear time pre-processing, constant-time answer to LCP queries.

® Generalised Suffix trees
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ALGORITHMIC TOOLS: KNUTH, MORRIS, AND PRATT (KMP) ALGORITHM

KMP Algorithm ([Knuth et al., 1977])

A linear time algorithm for finding all occurrences of a pattern P in a text T'.

It pre-processes P by computing a failure function f that indicates the maximum possible
shift using previously performed symbol comparisons.

By using the failure function, it achieves an optimal search time of O(n) after O(m)-time
pre-processing, where n is the length of T" and m < n is the length of P.

10
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PROBLEM DEFINITION

Input

An elastic-degenerate text T = 516152 ... &k—1Sk of length n and total size
N, a pattern P of length m < N.

Output

All the occurrences of P in 7.

Types of occurrences

« Type 1: Solid starting position
« Type 2: Elastic-Degenerate starting position

12



ALGORITHM

» Preprocessing

» Search
e Type 1:
e Type 2:

13



ALGORITHM

. Prepro(:essing
¢ Compute failure-function of P.
e Create the generalised suffix tree Sg for the set {P, S1, S2,..., Sk} of strings.
* Create the generalised suffix tree S¢ for the set {P}U& U&a U ... U&p_1.
e Pre-process these two suffix trees so as to answer LCA queries in constant time.

» Search
e Type 1:
e Type 2:
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» Preprocessing
e Search
e Type 1:
e Use KMP to search (shifting using failure function) in some seed S;.
e When an elastic-degenerate symbol is hit, mark the corresponding position:
Incremental extension of marked positions using LCP queries.

e Type 2:



ALGORITHM

» Preprocessing
e Search
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» Preprocessing
e Search
e Type 1:

¢ Use KMP to search (shifting using failure function) in some seed S;.
* When an elastic-degenerate symbol is hit, mark the corresponding position:
Incremental extension of marked positions using LCP queries.
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Illustration
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» Preprocessing
e Search
e Type 1:

¢ Use KMP to search (shifting using failure function) in some seed S;.
* When an elastic-degenerate symbol is hit, mark the corresponding position:
Incremental extension of marked positions using LCP queries.

e Type 2:
Illustration
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ALGORITHM

» Preprocessing
e Search
e Type 1:

¢ Use KMP to search (shifting using failure function) in some seed S;.
* When an elastic-degenerate symbol is hit, mark the corresponding position:
Incremental extension of marked positions using LCP queries.

e Type 2:
Illustration
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» Preprocessing

e Search

e Type 1:
e Type 2:
Illustration
Si &i Sit1 it1 Siv2  &iv2 Si+s
E;q Eit1,1 Eit2,1
pos Ing ¢
N Biry i+l Bitd,py
T=-==- } Bit1,4a pl e
Eiiry Bith,s i4+2,po
Bl Bit1,1€;411 Bit2,)¢; 40l
pattern ends
€3 |
P
Tits Prefix(Si+s)
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ALGORITHM

» Preprocessing

o Search
e Type 1:
e Type 2:

¢ Use KMP to search in as well as marking suffixes of each E; ; appearing as prefixes of
2,
¢ Incremental extension of marked positions using LCP queries.
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ANALYSIS

» Preprocessing.

o Search.
« KMP.

« Extension:

¢ Checking each string in &;: Let parameter « represent the maximum number of
strings in any elastic-degenerate symbol of the text.

¢ Number of ticks in an iteration.

¢ Number of iterations: the number of the &; spanned by the occurrence of P
being tested. Let v is the parameter representing the maximum number of
elastic-degenerate symbols spanned by any occurrence of the pattern in the
text.
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« Preprocessing. O(N + m)
+ Search.
.« KMP. O(N)

« Extension:

¢ Checking each string in &;: Let parameter « represent the maximum number of
strings in any elastic-degenerate symbol of the text. O(a)

e Number of ticks in an iteration. O(m)

¢ Number of iterations: the number of the &; spanned by the occurrence of P
being tested. Let v is the parameter representing the maximum number of
elastic-degenerate symbols spanned by any occurrence of the pattern in the
text. O(v)
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« Preprocessing. O(N +m)
o Search.
. KMP. O(N)
« Extension: O(arymn)

¢ Checking each string in &;: Let parameter « represent the maximum number of
strings in any elastic-degenerate symbol of the text.

¢ Number of ticks in an iteration.

¢ Number of iterations: the number of the &; spanned by the occurrence of P
being tested. Let v is the parameter representing the maximum number of
elastic-degenerate symbols spanned by any occurrence of the pattern in the
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ANALYSIS

« Preprocessing. O(N +m)
o Search.
. KMP. O(N)
« Extension: O(arymn)

¢ Checking each string in &;: Let parameter « represent the maximum number of
strings in any elastic-degenerate symbol of the text.

¢ Number of ticks in an iteration.

¢ Number of iterations: the number of the &; spanned by the occurrence of P
being tested. Let v is the parameter representing the maximum number of
elastic-degenerate symbols spanned by any occurrence of the pattern in the
text.

Running time

O(N + aymn)
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A proof-of-concept implementation of this algorithm can be accessed at
https://github.com/Ritu-Kundu/ElDeS.

17


https://github.com/Ritu-Kundu/ElDeS

REFERENCES

) &) = &

Crochemore, M., Hancart, C., and Lecroq, T. (2007).
Algorithms on Strings.

Cambridge University Press.

392 pages.

Knuth, D. E., James H. Morris, J., and Pratt, V. R. (1977).
Fast pattern matching in strings.
SIAM Journal on Computing, 6(2):323-350.

McCreight, E. M. (1976).
A space-economical suffix tree construction algorithm.
Journal of the ACM (JACM), 23(2):262-272.

Ukkonen, E. (1995).
On-line construction of suffix trees.
Algorithmica, 14(3):249-260.

Weiner, P. (1973).
Linear pattern matching algorithms.
In Proceedings of the 14th IEEE Annual Symposium on Switching and Automata Theory,

pages 1-11. Institute of Electrical Electronics Engineer.

18



Thank You!

19



	Introduction
	Technical Background
	Algorithm
	Analysis
	Summary

