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Outline: Feb 14

m Continue FM-Index and application to pattern matching

m Friday: FM-Index in practice

Notes:

e Office hours today: 1-3pm

 Lab 3 + DBG challenge (challenge.py) due tonight!
 Fill in partner form for Lab 4




FM-Index and application to
read mapping




FM-Index: data structure for pattern matching

m Set of auxiliary data structures computed from the BWT of a string S
m The FM-Index consists of 3 parts:




FM-Index: data structure for pattern matching

m Set of auxiliary data structures computed from the BWT of a string S
m The FM-Index consists of 3 parts:

(a) The BWT of S, i.e. the L column of 7*°*¢d(S)
(b) M|c], the first index of ¢ in F' (note that F' is actually not part of the FM-Index)

(c) occ(e, ), the number of times ¢ occurs in L[1 - - - 7], inclusive




FM-Index: data structure for pattern matching

m Set of auxiliary data structures computed from the BWT of a string S

m The FM-Index consists of 3 parts:

(a) The BWT of S, i.e. the L column of 7*°*¢d(S)
(b) M|c], the first index of ¢ in F' (note that F' is actually not part of the FM-Index)

(c) occ(e, ), the number of times ¢ occurs in L[1 - - - 7], inclusive

m [he suffix array A is not technically part of the FM-Index, but we will
need it for the last step of finding out where pattern P occurs in the
original string S

m A[i] is the index of F[i] in the original string



Example: S = abaaba$, P = aba

1234567
i [F L | A ooo($) ocola) | ooelh)
1§, a
2 a; b;
3 a, b,
4 a, a,
5 a, $1
6 b; a;
7 b, a,

Step 1: compute the BWT of S




Example: S = abaaba$, P = aba

1234567
i | F L | A oco($) | oco(a) | occ(b)
1§, a T
2 a b, |6
3 a, b, |3
4  a, a, | 4
5 a, S; |1
6 Db a; | 5
7 b, a, | 2

Step 2: compute the suffix array, where A[i] = index of F[i] in the original sequence




Example: S = abaaba$, P = aba

1234567
i | F L | A_occ($)]occa) ocolb)
1§, a; 7 T
2 a, b, 6 0
3 a, b, 3 0
4 a, a, 4 0
5 a, S, 1 1
6 Db a; 5 1
7 b, a, 2 1

\

Step 3: compute the occurrence table for each character c (# times c in L[1...i])




Example: S = abaaba$, P = aba

1234567
i | F L A_occ($)]occ@) ocolb)
1 | e, a, 7 o [1]
2 a, b, 6 0 1
3 a, b, 3 0 1
4  a, a, 4 0 2
5 a, S, 1 1 2
6 Db a; 5 1 3
7 b, a, 2 1 4

T~

Step 3: compute the occurrence table for each character c (# times c in L[1...i])




Example: S = abaaba$, P = aba

1234567
i [F L | A oco$)]occ(a) | ocob)
1|, a, 7 0 1 [o]
2 a, b, 6 0 1 1
3 a, b, 3 0 1 2
4  a, a, 4 0 2 2
5  a, s, 1 1 2 2
6 b, a, 5 1 3 2
7 b, a, 2 1 4 2

\
c

Step 3: compute the occurrence table for each character c (# times c in L[1...i])




Example: S = abaaba$, P=a
12345

1§, a; 7 0 1 0

sp(@a) — 2| | a, b, 6 0 1 1
a, b, 3 0 1 2

a, a, 4 0 2 2

ep(@—— 5 |a, $; 1 1 2 2
b; a; 5 1 3 2

7 b, a, 2 1 4 2

Step 4: for pattern P, start with its last char and compute the start and end points




Example: S = abaabas, P = dbal
1234567

i |F L A oco$) ] occla) ] occlb)
| 7 0 1 0

1 a
> 3 0 -> 2 means we must
2 |a; @ 6 0 1 1 have seen b, and b, in
3 |a, @ 3 0 1 2 j the L column
4 |a, a,| 4 0 2 2
5 a, S| 1 1 2 2
6 b, a; b5 1 3 2
7 b, a, 2 1 4 2

Step b: for each new character, find the correct number of occurrences in L




Example: S = abaabas, P = dbal
1234567

i |F L A oco$) ] occla) ] occlb)
| 7 0 1 0

1 $ 1 a |

3 Find where b, and b,
2 & 6 0 1 1 are in the F column,
3 a, 3 0 1 2 3 and repeat the process
4 1a; a,| 4 0 2 2
5 a4 $1 1 1 2 2
6 b17 as S 1 3 2
7 b2 a4 2 1 4 2

Step b: for each new character, find the correct number of occurrences in L




Example: S = abaabas, P = aba

1234567
1§, a; 7 0 1 0
2 a, b; 0 1 1
3 a, b 3 0 1 2
4 a, a, 4 0 2 2
5 a, S; 1 1 2 2
sp(ba)—|6| |b, a; b5 1 3 2
ep(ba)— |7 |b, a, 2 1 4 2

Step 5: for each new character, find the correct number of occurrences in L




Example: S = abaabas, P = dbal
1234567

i |F L A oco$) ] occla) ] occlb)
| 7 0 1 0

1§, a
2 a, b, 6 0 1 1
3 a, b, 3 0 1 2
4  a, a, 4 0 2 2
> b1 1 2 ) 2 2 -> 4 means we must
6 |b, @ 5 1 3 2 have seen a; and a, in
7 b g 2 1 4 3 2 the L column
2 )

Step b: for each new character, find the correct number of occurrences in L




Example: S = abaabas, P = dbal
1234567

i | F______L | A oco($) ocofa) | occ(b)
7 0 1 0

1 $1 ajq

2 a, b, 6 0 1 1

3 a, b, 3 0 1 2

4  a, a, 4 0 2 2

> a4:\\ 5. 1 1 2 3 2 Find where a; and a,

6 |b; @ 5 1 3 2 are in the F column,
{ 3 done since P ended

7 |b, @) 2 1 4 2

Step b: for each new character, find the correct number of occurrences in L




Example: S = abaabas, P =[abal
1234567

1§, a; 7/ 0 1 0

2 a, b, 6 0 1 1

3 a, b, 3 0 1 2
sp(aba) — | 4 a, a, 4 0 2 2 Note_that sta_rt anq end

points are inclusive

ep(aba)— 5 a, $; 1 1 2 2

6 b; a; 5 1 3 2

7 b2 a, 2 1 4 2

Step 6: when we reach the end of P, we should have the start/end pointsin F




Example: S = abalabals, P =[aba]

1;

1 S 7 0 1 0

2 a, b\ 6 0 1 1

3 a, b,\ 3 0 1 2

[ Use A (suffix array) to

sp(aba) : 93 a; p+ 0 2 2 find the original
ep(aba)— 5 a, $; |1 1 2 2 locations of Pin S

6 b; a; b5 1 3 2

7 b, a, 2 1 4 2

Step 7: we are not truly done until we find the locations in the original string!




Handout 8 example: S = barbaras, P = ba
12345678

i |F L | A |oco($) ] oce(a) ] oco(b) | oce(r)
$1 a;

1
Work with a partner!
2 a; r,
3 a, b1 1) Fill in a column for A
as well
4 a; b,
5 b; r, 2) Tryto come up with a
formula for sp and ep
6 Db, SH in terms of M and occ
7 r; a,
8 r, a,




Handout 8 example: S = barbaras, P = ba

12345678
i | F L Alocc($) oco(a) | oco(b) | oco(n)
1 §, a; 8 0 1 0 0
2 a, r, 7 0 1 0 1
3 a, b; 5 0 1 1 1
4 a, b, 2 0 1 2 1
5 b, r, 4 0 1 2 2
6 b, S, 1 1 1 2 2
7 1, a, 6 1 2 2 2
8 r, a; 3 1 3 2 2




Handout 8 example: S = barbaras, P = ba

12345678
i JF L | Aloc($) occa) | occ(b) | oce(r)

1 §, a; 8 0 1 0 0

2 a; r, 7 0 1 0 1

4 a, b, 2 0 1 2 1 " 2

5 b; r, 4 0 1 2 2 b 5

6 b, S, 1 1 1 2 2 r 7

7 r a, 6 1 2 2 2

M[c] is the first index

8 r, a; 3 1 3 2 2 of character ¢ in F

(Store instead of F)




Handout 8 example: S = barbaras, P = ba

i |F L | A loce$) oco(a) | ocelb) | oco(r)

1 3, a, 8 0 1 0 0

3 |a, b; 5 0 1 1 1 S 1

4 3 b, 2 0 1 2 1 - 2

5 b; r, 4 0 1 2 2 b 5

6 b, $1 1 1 1 2 2 e 7

7 r, a, 6 1 2 2 2
M[c] is the first index

8 r, as; 3 1 3 2 2 of character cin F
(Store instead of F)

sp(a) =




Handout 8 example: S = barbaras, P = ba
12345678

i | F L | Aoco($) occla) | occ(b) | occ(n
$1 a; 8 0 1 0 0

1
: 7 ot o]l
3 5 0 1 1 1 $ 1
4 2 0 1 2 1 a 2
5 4 0 1 2 2 b 5
6 1 1 1 2 2 r 7
7 6 1 2 2 2
Mi[c] is the first index
8 3 1 3 2 2 of character cin F

(Store instead of F)
sp(ba) = M[b] + # b’s we saw right before the first a

ep(ba) = M[b] + # b’'s we saw up until the last a




Handout 8 example: S = barbaras,

12345678
i |F L | A occ$)] occ(a) | occ(b) | ocolr)
1 3, a,; 8 0 1 0 0
2 7 0 1 0 1
3 5 0 1 1 1
4 2 0 1 2 1
5 4 0 1 2 2
6 1 1 1 2 2
7 6 1 2 2 2
8 3 1 3 2 2
sp(ba)

ep(ba) =5 + 2 - 1 (subtract 1 since we are being inclusive)

P = ba

S

~N O D -

a
b
r

M[c] is the first index
of charactercin F
(Store instead of F)



Handout 8 example: S = barbaras, P = ba

i |F L | A loce$) oco(a) | ocelb) | oco(r)

1 3, a, 8 0 1 0 0

3 a, b; 5 0 1 1 1 S 1

4 aj b, 2 0 1 2 1 - 2

5 |b; r, 4 0 1 2 2 b 5

6 b, S ;1 1 1 2 2 e 7

7 r, a, 6 1 2 2 2
M[c] is the first index

8 r, as; 3 1 3 2 2 of character cin F
(Store instead of F)

sp(ba) =




Handout 8 example: S = barbaras, P = ba

12345678

i | F L | Aoco($) occla) | occ(b) | occ(n
1 s, a; 8 0 1 0 0
2 a; r, 7 0 1 0 1 “m
3 a, b, 5 0 1 1 1 S 1
4 a, b, 2 0 1 2 1 a 2
5] |bs r,|4| O 1 2 Z b 5
6| |b; 51 1] 1 1 2 2 r 7
7 1, a, 6 1 2 2 2
8 r, a; 3 1 3 2 2
sp(ba) = Use A to find locations

5
ep(ba) = 6 in original string




Recursive Formulas
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Handout 9 example
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Handout 9 example



