Introduction to String Data
Structures



Why Strings?

 Biological sequences can be viewed as
strings, or finite sequence of characters,
over an alphabet .

« There Is a wealth of algorithmic theory
developed for general strings that we can
apply to specific biological problems.
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Limitations of String Data

Structures

« Can only extract information in the absence of
errors.

* Problems dealing with errors may be solved by

decomposing into components that do not
Involve errors.

Example: If two sequences exhibit similarity,
there must be substrings in common to them.
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Example w/ Errors

A

B -I
Mismatch in the middle results in two

exact substring matches of size n/2 (green)

Moving the mismatch to right or left still
yields at least one match of size n/2
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Look-up Tables

« Strings of size k over X can be represented by an
integer index i, 0 <i <Xk -1,

* DNA is composed of four characters.
~-2={AG,C, T} [z|=4

« \We can preprocess a database into a lookup table
to locate all occurrences of length k strings.
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Example
Let:
A=0(00) C=1(01) G=2(10) T=3(11)
Strings are converted based on the binary string they represent
String  Binary Integer
AAA =000000 = 0

ATA = 001100 = 12
AAC = 000001 =1
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Lookup Table

AAACAGAT CACCCGCTGAGCGGGTTATC TG TT
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

b

8

CATTATTAGGA

O N
N - b
A\ (W ——— W




Search using an Index

Size:

Sk Linked list of occurrences

Query
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Indexing discussion

» A database can be preprocessed in linear
time to allow locating all instances of a
short string.

« Major limitation is it limits searching to
fixed length strings.
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Applications of Indexing

 Seeds for searching sequence databases
— BLAST

» Pair generation for fragment assembly
— CAP3 sequence assembly program

October 16, 2007
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Basic Terminology

Given string s of length n
« s[i] = it character of s.

e sfi..j] =sfils[i+1]...s]j]

o suffix: s[i..n] = suff;
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Exact Pattern Matching

Is pattern p a substring of string s?
p = s[I..1+]|p|-1] < p Is a prefix of suff;.
Find suffixes with prefix p.

Can be answered efficiently if all suffixes
are ordered lexicographically.

Suffix trees and suffix arrays are based on
this concept.
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Suffix Tree Overview
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Suffix tree properties

 For astring of size n, there are n leaves and
at most n internal nodes.

— therefore requires only linear space
 Each leaf represents a unique suffix.

 Concatenation of edge labels from root to a
leaf spells out the suffix.

 Each internal node represents a distinct
common prefix to at least two suffixes.
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More Notation

 path-label(v) = Concatenation of edge
labels from root to v.

« string-depth(v) = | path-label(V) |

* tree-depth(v) = Number of nodes on the
path from root to v.
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More Notation and Properties

A substring is called a repeat if it occurs
two are more times.

A repeat is right maximal iIf at least two
occurrences are followed by different
characters.

* There exists v with path-label(v) = «
< o IS a right maximal repeat.

October 16, 2007
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Finding a Pattern In a String

1. Build a suffix tree of the string.

2. Starting from the root, traverse a path
matching characters of the pattern.

3. If stuck, pattern not present in string.

Otherwise, each leaf below gives a
position of the pattern in the string.

October 16, 2007
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Suffix Tree Pattern Matching

s = AACCTTS (e Start from the root
Search for p = $
ACCT ,  C -
e T
suff,~ AJC) $
Matches character ‘E’CC i _I_I $ ’ Suff6
’// T \‘T $ ’ SUff5
sFtc;lrJtr;da:n pact)girlion <::*\$T $ ’ suff4 Each matching
2 of s. \\ Q suﬁ‘3 operation takes
SUIt, o(p|) time.



Finding Common Substrings

 Construct a generalized suffix tree for two
strings (each suffix of each string is
represented).

e Label each leaf with the suffix number and
string label.

 Each internal node with a leaf from each
string In Its subtree gives a common
substring.

October 16, 2007
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Generalized Suffix Tree

WINDOWS INDIGOS
1234567 1234567
5 $
&1 % 0
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Generalized Suffix Tree

WINDOWS INDIGOS
1234567 1234567

& W
o (2,5) e (L7
) 72
S 2 A\ %é 2.7)
~ P
(2, 3) L4 @9 5 (2,6
& (1, 6) (1, 1)
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Naive Construction algorithm

o Start with only the root node,

e Insert each suffix of s into the tree:

— Find the longest match between the new suffix with
the current tree.

— Insert the new suffix by either:
» Attaching the new leaf to an existing internal node, or
» Creating a new internal node and attaching the leaf.

 Worst case run-time is O(n?), i.e. s = A™1$
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Naive Construction algorithm
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Faster Construction Algorithms

e Linear time

— |Z] = O(1): Weliner [10], McCreight [7], and
Ukkonen [9].

— |Z| = O(n): Farach [4].
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Suffix Tree with Edge Labels

MALAYALAMS
12345678910

10
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Edge encoding

MALAYALAMS
12345678910
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Suffix Links
Q root
2" b

b, \C
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Srinivas Aluru, lowa State University

suff;,, suffi.,

27



Suffix Links

12345678910

MALAYALAMS

10
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McCreight’s Algorithm
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| owest Common Ancestors

* The lowest common ancestor (Ica) of two
nodes x and y Is the deepest node In a rooted
tree that Is an ancestor of x and y

« Concatenation of edge labels from root to
the Ica a leaf spells out the longest common
prefix

e Can be found in constant time after linear
preprocessing [Bender00]
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A Useful Property of Suffix Trees

String depth (Ica (i, J)) = lcp (suffix;, suffix;)

10

October 16, 2G07
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Suffix Array — Reducing Space

Suffix 6 and 2 share “ALA”

October 16, 2007

6 ALAMS
2 ALAYALAMS
MALAYALAMS 8 |AMS
12345678910 4 | AYALAMS
/ LAMS$
6 |2 |8 (4 |7 |3 |1 10 3 LAYALAMS
\/ Suffix Array 1 MALAYALAMS
9 M$
3 |1 (1 |0 |2 |0 |1 5 | YALAMS
Icp Array 10 |$
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Pattern Search in Suffix Array

 All suffixes that share a common prefix appear
In consecutive positions in the array.

» Pattern P can be located in the string using a
binary search on the suffix array.

Naive Run-time = O(|P| x log n).

Improved to O(|P| + log n) [Manber&Myers93],
and to O(|P|) [Abouelhoda et al. 02].
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Computing Icp Values

Find where T, Is in the suffix array.
Compute Icp value of T;.
Find T, In the suffix array.

Compute Icp value of T, starting from T,’s
Icp — 1.

5. Repeat for all suffixes.

Run-time is linear.

B~ W e
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Text
Position
Suffix Array
Icp Array

October 16, 2007

L [A|Y [A $
3|/4|5]|6 10
84|73 10
10|20
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Suffix Trees vs. Suffix Arrays

Suffix Array = Lexicographic order of the
leaves of the Suffix Tree

Suffix Tree = Suffix Array + lcp Array
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Building a ST from a SA and lcp
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