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Data structure in NGS mapping algorithm

• Hash

• Seed consecutive and not consecutive
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Hash and seed
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Hashes and store key + read sequence
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Looked up, if hit is found to a reads

Compute a score based on quality values
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Full accurancy on the first 28 positions of the read
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How would you do it: 
• L2: Sequence alignment: O(m*n) 
• L3: Hashing / BLAST: O(m+n) 

– Solution until 2008 (e.g. MAQ, Li et al, GR 2008) 

• Other advanced algorithms:  
– Linear-time string matching: O(m+n). L3 addendum 
– Suffix trees and suffix arrays: O(m). L13 addendum 

• Challenge: memory requirements 
– Hash table, suffix tree/array require O(m*n) space 

• Today: Burrows-Wheeler transformation O(m) 
– Ultrafast/memory efficient. New norm since 2009. 
– Introduced in: Bowtie (Langmead GB 2009). 13 

Second Generation Mappers have Leveraged the 
Burrows Wheeler Transformation 

“…35 times faster than Maq and 300 times 
faster than SOAP under the same conditions”

Two indexing strategies for read mapping 
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Multi-seed
hashing

BWT
Burrows-
Wheeler

Transform

Today: How does the BW
transform actually work?

Burrows-Wheeler Transform (BWT) 
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• Transform: ^BANANA@ INTO: BNN^AA@A 
 
 

• Reversible 
 function inverseBWT (string s)

create empty table
repeat length(s) times

insert s as a column of table before first column of the table // first insert creates first column
sort rows of the table alphabetically 

return (row that ends with the 'EOF' character)

@
function BWT (string s)

create a table, rows are all possible rotations of s
sort rows alphabetically
return (last column of the table)

last 1st
col

pairs 2nd

col
triples 3rd

col
4mers 4thcol 5mers 5thcol 6-mers 6thcol 7-mers 7thcol 8-mers Full matrix

Last column only suffices to reconstruct entire matrix, and thus recover original string

http://www.hpl.hp.com/techreports/Compaq-DEC/SRC-RR-124.pdf

Key properties of Burrows-Wheeler Transform 
• Very little memory usage. Same as input (or less) 

– Don’t represent matrix, or strings, just pointers 
– Encode: Simply sort pointers. Decode: follow pointers 

• Original application: string compression (bZip2) 
– Runs of letters compressed into (letter, runlength) pairs 

• Bioinformatics applications: substring searching 
– Achieve similar run time as hash tables, suffix trees 
– But: very memory efficient ! practical speed gains 

• Mapping 100,000s of reads: only transform once 
– Pre-process once; read counts in transformed space. 
– Reverse transform once, map counts to genome coords 
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P is the input substring
C[c] – is how many characters occur 
before c lexographically in the 
genome
Occ(c,k)  is the number of 
occurrence of the character c before 
index k in the far right column

 Searching for an Exact Match 
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e.g. Searching for OLIS
In MANOLISKELLIS
For simplicity (here): 
- only exact matches
- Show entire matrix
In practice: only pointers

1. $MANOLISKELLIS
2. ANOLISKELLIS$M
3. ELLIS$MANOLISK
4. IS$MANOLISKELL
5. ISKELLIS$MANOL
6. LIS$MANOLISKEL
7. LISKELLIS$MANO
8. LLIS$MANOLISKE
9. KELLIS$MANOLIS
10.MANOLISKELLIS$
11.NOLISKELLIS$MA
12.OLISKELLIS$MAN
13.S$MANOLISKELLI
14.SKELLIS$MANOLI

Pseudocode from Langmead et al, 2009. Example by Jason Ernst. 
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input: A set of k patterns  P1, P2, …, Pk and text t=t1…tm

Multiple Pattern Matching  Problem

given a set of patterns and a text, find all occurrences of any of the 
patterns in the text

output: All positions 1 <= i <= m such that a substring of t starting 
at position i coincides with a pattern Pj for 1 <= j <= k

t = ATGGTCGGT P1=GGT
P2=GGG
P3=CG
P4=ATG

Positions = {1,3,6,7}

This algorithm is resolved in  O(knm) time where n is the length of the longest of the k 

patterns, by k application s of the PATTERN MATCHING algorithm 











Keyword Tree

The keyword tree for a set of patterns P1, P2, P3, …, Pk is a 
rooted labeled tree satisfying the following condition: 

• Each edge of the tree is labeled with a letter of the 
alphabet 

• Any two edges out of the same vertex have distinct labels 
• Every pattern Pi from the set of patterns is spelled on 

some path from the root to the leaf

The time to build a keyword tree is O(N) where N is the total 
length of patterns P1, P2, P3, …, Pk

The time to solve the Multiple Pattern Matching  Problem is O(N + nm)



An Introduction to Bioinformatics Algorithms www.bioalgorithms.info 

Keyword Trees: Example 

•  Keyword tree: 
•  Apple 
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Keyword Trees: Example 

•  Keyword tree: 
•  Apple 
•  Apropos 
•  Banana 
•  Bandana 
•  Orange 
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Keyword Trees: Properties 

•  Stores a set of keywords in a 
rooted labeled tree. 

•  Each edge is labeled with a 
letter from an alphabet. 

•  Any two edges coming out of 
the same vertex have distinct 
labels. 

•  Every keyword stored can be 
spelled on a path from root to 
some leaf. 

•  Furthermore, every path from 
root to leaf gives a keyword. 
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Keyword Trees: Threading 
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Keyword Trees: Threading 

•  Thread “apple” 
•  apple 











































Bowtie

Bowtie is based on Burrows Wheeler Transformation (BWT) paired
with a Compressed Suffix Array (CSA)
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Suffix trie

• Fact: y occurs in x if y is a prefix of a suffix of x

• We build a trie with all the suffixes of the text x

• Example: x = GATTACA we build the tree on:

– GATTACA

– ATTACA

– TTACA

– TACA

– ACA

– CA

– A
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Suffix trie

GATTACA

The suffix trie collects in the internal nodes all the substrings of x
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An Introduction to Bioinformatics Algorithms www.bioalgorithms.info 

Pattern Matching with Suffix Trees 

•  To find any pattern in a text: 
1.  Build suffix tree for text of length m—O(m) time 
2.  Thread the pattern of length n through the suffix tree of the 

text—O(n) time. 

•  Therefore the runtime of the Pattern Matching Problem is only 
O(m + n)! 
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Pattern Matching with Suffix Trees 

SuffixTreePatternMatching(p,t) 
1.  Build suffix tree for text t 
2.  Thread pattern p through suffix tree 
3.  if threading is complete 
4.     output positions of all p-matching  leaves in the tree 
5.  else 
6.     output “Pattern does not appear in text” 
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Threading ATG through a Suffix Tree 



Suffix Trees. We can reduce the number of edges in the suffix trie 
by combining the edges on any non-branching path into a single 

edge. The resulting data structure is called suffix tree.


