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Make lookup tables 
for bad character & 

good suffix rules
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Boyer-Moore preprocessed P 

What about preprocessing T?
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Algorithm that preprocesses T is offline.  
Otherwise, algorithm is online.



Offline algorithms

Naive exact matching

Boyer-Moore

Online algorithmsOffline algorithms

???

Still focusing on exact matching problem: find all places 
where pattern P exactly matches a substring of text T



Index

Key terms ordered alphabetically, with associated page #s



Index

Grocery store items grouped into aisles



Index

Indexes use ordering and grouping to make it easy to jump to 
relevant portions of the data
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Indexing DNA

T: C G T G C G T G C T T

C G T G C :  0 , 4  
G C G T G :  3  
G T G C C :  1  
G T G C T :  5  
T G C C T :  2  
T G C T T :  6

Index of Tk-mer: substring 
of length k

5-mer index
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T: C G T G C G T G C T T

C G T G C :  0 , 4  
G C G T G :  3  
G T G C C :  1  
G T G C T :  5  
T G C C T :  2  
T G C T T :  6

Index of T

P: G C G T G C

Querying the index

2 index hits



Data structures

C G T G C :  0 , 4  
G C G T G :  3  
G T G C C :  1  
G T G C T :  5  
T G C C T :  2  
T G C T T :  6

Index of T

Abstractly, index is a multimap associating keys (k-mers) 
with one or more values (offsets) 

What data structures allow us to represent and query a 
multimap? 



Data structures

T: G T G C G T G T G G G G G

First idea: add key-value pairs to an array & sort the array 



Data structures
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Data structures
G T G 0
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T: G T G C G T G T G G G G G
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Data structures
G T G 0
T G C 1
G C G 2
C G T 3
G T G 4
T G T 5
G T G 6
T G G 7
G G G 8
G G G 9
G G G 10

T: G T G C G T G T G G G G G



Data structures

Alphabetical 
by k-mer

C G T 3
G C G 2
G G G 8
G G G 9
G G G 10
G T G 0
G T G 4
G T G 6
T G C 1
T G G 7
T G T 5

G T G C G T G T G G G G GT:
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T: G T G C G T G G G G G
P: G C G T G G

C G T 3
G C G 2
G G G 8
G G G 9
G G G 10
G T G 0
G T G 4
G T G 6
T G C 1
T G G 7
T G T 5

T G G > G T G



Binary search

After 1st 

bisection

C G T 3
G C G 2
G G G 8
G G G 9
G G G 10
G T G 0
G T G 4
G T G 6
T G C 1
T G G 7
T G T 5

T: G T G C G T G G G G G
P: G C G T G G

T G G > T G C



Binary search

After 2nd 

bisection

C G T 3
G C G 2
G G G 8
G G G 9
G G G 10
G T G 0
G T G 4
G T G 6
T G C 1
T G G 7
T G T 5

T: G T G C G T G G G G G
P: G C G T G G

T G G = T G G



Binary search

~ log2(n) bisectionsn

...

About how many 
bisections in the 
worst case, as a 
function of n?



bisect.bisect_left(a, x): Leftmost offset 
where x can be inserted into a to maintain order

>>> a = [1, 3, 3, 6, 8, 8, 9, 10] 
>>> import bisect 
>>> bisect.bisect_left(a, 2) 
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>>> bisect.bisect_left(a, 2) 
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bisect.bisect_left(a, x): Leftmost offset 
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>>> import bisect 
>>> bisect.bisect_left(a, 2) 
1 
>>> bisect.bisect_left(a, 4) 



bisect.bisect_left(a, x): Leftmost offset 
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>>> a = [1, 3, 3, 6, 8, 8, 9, 10] 
>>> import bisect 
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1 
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bisect.bisect_left(a, x): Leftmost offset 
where x can be inserted into a to maintain order

>>> a = [1, 3, 3, 6, 8, 8, 9, 10] 
>>> import bisect 
>>> bisect.bisect_left(a, 2) 
1 
>>> bisect.bisect_left(a, 4) 
3 
>>> bisect.bisect_left(a, 8) 



bisect.bisect_left(a, x): Leftmost offset 
where x can be inserted into a to maintain order

>>> a = [1, 3, 3, 6, 8, 8, 9, 10] 
>>> import bisect 
>>> bisect.bisect_left(a, 2) 
1 
>>> bisect.bisect_left(a, 4) 
3 
>>> bisect.bisect_left(a, 8) 
4

a must already be sorted, or answer will be nonsense



C G T 3
G C G 2
G G G 8
G G G 9
G G G 10
G T G 0
G T G 4
G T G 6
T G C 1
T G G 7
T G T 5

T: G T G C G T G G G G G
P: G C G T G G

bisect_left(index, 'GTG')



Binary-search k-mer index implementation

http://j.mp/CG_KmerIndex

http://j.mp/CG_KmerIndex


Hash table as multimap

T: G T G C G T G T G G G G G

∅
∅
∅
∅
∅
∅
∅
∅
∅
∅
∅

Buckets
Hash function h maps 
3-mers to buckets
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∅
∅
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T: G T G C G T G T G G G G G

h(G T G )

G T G
0
∅

∅
∅

∅
∅
∅
∅
∅
∅
∅
∅



T: G T G C G T G T G G G G G

h(T G C )

G T G
0
∅

∅

∅
∅
∅
∅
∅
∅
∅
∅

T G C
1
∅



T: G T G C G T G T G G G G G

h(G C G )

G T G
0
∅

∅

∅
∅
∅
∅
∅
∅

∅

G C G
2
∅

T G C
1
∅



T: G T G C G T G T G G G G G

h(C G T )

G T G
0
∅

∅

∅
∅

∅
∅
∅

∅

G C G
2
∅

C G T
3
∅

T G C
1
∅



T: G T G C G T G T G G G G G

h(G T G )

G T G
4

∅

∅
∅

∅
∅
∅

∅

G C G
2
∅

C G T
3
∅

G T G
0
∅

T G C
1
∅



T: G T G C G T G T G G G G G

h(T G T )

G T G
4

∅

∅
∅

∅
∅
∅

∅

T G C
1
∅

G C G
2
∅

C G T
3
∅

G T G
0
∅



T: G T G C G T G T G G G G G

h(T G T )

G T G
4

∅

∅
∅

∅
∅
∅

∅

T G C
1
∅

T G T
5

C G T
3
∅

G T G
0
∅

G C G
2
∅

Collision



T: G T G C G T G T G G G G G

h(G T G )

G T G
6

∅

∅
∅

∅
∅
∅

∅

T G C
1
∅

C G T
3
∅

G T G
4

G T G
0
∅

G C G
2
∅

T G T
5



T: G T G C G T G T G G G G G

h(T G G )

G T G
6

∅

∅

∅
∅
∅

∅

T G C
1
∅

C G T
3
∅

G T G
4

G T G
0
∅

T G G
7
∅

G C G
2
∅

T G T
5



T: G T G C G T G T G G G G G

h(G G G )

G T G
6

∅

∅

∅
∅
∅

∅

T G C
1
∅

G G G
8

G T G
4

G T G
0
∅

T G G
7
∅

C G T
3
∅

Collision

G C G
2
∅

T G T
5



T: G T G C G T G T G G G G G

h(G G G )

G T G
6

∅

∅

∅
∅
∅

∅

T G C
1
∅

G G G
9

G T G
4

G T G
0
∅

T G G
7
∅

G G G
8

C G T
3
∅

G C G
2
∅

T G T
5



T:

h(G G G )

G T G
6

∅

∅

∅
∅
∅

∅

T G C
1
∅

G G G
9

G T G
4

G T G
0
∅

T G G
7
∅

G G G
8

C G T
3
∅

G C G
2
∅

T G T
5

G T G C G T G T G G G G G

G G G
10



T: G T G C G T G T G G G G G

h(G C G )

P: G C G T G T

G T G
6

∅

∅

∅
∅
∅

∅

T G C
1
∅

G G G
9

G T G
4

G T G
0
∅

T G G
7
∅

G G G
8

C G T
3
∅

G C G
2
∅

T G T
5

G G G
10

Index hit at offset 2



Python dictionary

>>> t = 'GTGCGTGTGGGGG' 
>>> table = {'GTG':[0, 4, 6], 'TGC':[1], 
             'GCG':[2], 'CGT':[3], 'TGT':[5], 
             'TGG':[7], 'GGG':[8, 9, 10]} 
>>> table['GGG'] 
[8, 9, 10] 
>>> table['CGT'] 
[3]

The built-in dictionary type in Python is a building 
block for a map or (in this case) a multimap 



Hash table k-mer index implementation

http://j.mp/CG_KmerIndexHash

http://j.mp/CG_KmerIndexHash

