
BWT for repetitive texts, part 4a: 
Toehold lemma & Locate queries

Ben Langmead

For original Keynote files email me  ben.langmead@gmail.com

mailto:ben.langmead@gmail.com


Fundamental movements

T

SA

BWT(T )

SA−1
BWM(T )"T space" "Lex space"



O(r)  locate queries

Algorithm has two components:

21

Keep a "toehold"
Get the rest from the 

toehold

r-index: Gagie T  Navarro G  and Prezza P. Optimal-time text indexing in BWT-runs bounded space. 
Proceedings of 29th SODA  ACM-SIAM. 2018. pp1459—1477.
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T’s run parse

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T

L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

62 15 10 18 16 17 12 8 14 20 63 7 19 9 11

62 57 44 60 58 59 54 42 56 41 63 45 61 55 53

"Parse" T by marking offsets where  corresponds to a 
 that is a run head or tail

T[i]
BWT[q]
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row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
Also mark T[0]

T’s run parse
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T’s run parse
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row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
"phrase" or "T-phrase"

"phrase head"

Let each marked position begin a new "phrase"

T’s run parse



Locate query

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T

L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

Next: associate  samples with T-phrase headsSA



Locate query

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
i

q
L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

:  lex rank of  right context 
 

q T[i]′￼s
i = SA[q] − 1

38

20



Locate query

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
i

With phrase head at offset , associate:i

L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

⟨ SA[q − 1], SA[q + 1] ⟩
20

qq−1 q+1
37 38 39



   i   Rotation                                                          SA[i] 
   0   $row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat   63   
   1   _boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your   58   
   2   _boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your   37   
   3   _boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your   16   
   4   _row_row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow   45   
   5   _row_row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow   24   
   6   _row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row   3   
   7   _row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row   49   
   8   _row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row   28   
   9   _row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row   7   
  10   _your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row   53   
  11   _your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row   32   
  12   _your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row   11   
  13   at$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_bo   61   
  14   atrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_bo   40   
  15   atrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_bo   19   
  16   boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_   59   
  17   boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_   38   
  18   boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_   17   
  19   oat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_b   60   
  20   oatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_b   39   
  21   oatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_b   18   
  22   our_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_y   55   
  23   our_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_y   34   
  24   our_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_y   13   
  25   ow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_boatr   43   
  26   ow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_boatr   22   
  27   ow_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$r   1   
  28   ow_row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_r   47   
  29   ow_row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_r   26   
  30   ow_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_r   5   
  31   ow_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_r   51   
  32   ow_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_r   30   
  33   ow_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_r   9   
  34   r_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_you   57   
  35   r_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_you   36   
  36   r_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_you   15   
  37   row_row_row_your_boat$row_row_row_your_boatrow_row_row_your_boat   42   
  38   row_row_row_your_boatrow_row_row_your_boat$row_row_row_your_boat   21   
  39   row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$   0   
  40   row_row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_   46   
  41   row_row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_   25   
  42   row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_   4   
  43   row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_   50   
  44   row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_   29   
  45   row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_   8   
  46   t$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boa   62   
  47   trow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_boa   41   
  48   trow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_boa   20   
  49   ur_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_yo   56   
  50   ur_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_yo   35   
  51   ur_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_yo   14   
  52   w_row_row_your_boat$row_row_row_your_boatrow_row_row_your_boatro   44   
  53   w_row_row_your_boatrow_row_row_your_boat$row_row_row_your_boatro   23   
  54   w_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$ro   2   
  55   w_row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_ro   48   
  56   w_row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_ro   27   
  57   w_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_ro   6   
  58   w_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_ro   52   
  59   w_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_ro   31   
  60   w_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_ro   10   
  61   your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_   54   
  62   your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_   33   
  63   your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_   12



   i   Rotation                                                          SA[i] 

  31   ow_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_r   51 
  32   ow_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_r   30 
  33   ow_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_r   9 
  34   r_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_you   57 
  35   r_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_you   36 
  36   r_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_you   15 
  37   row_row_row_your_boat$row_row_row_your_boatrow_row_row_your_boat   42 
  38   row_row_row_your_boatrow_row_row_your_boat$row_row_row_your_boat   21 
  39   row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$   0 
  40   row_row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_   46 
  41   row_row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_   25 
  42   row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_   4 
  43   row_your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_   50 

…
…



Locate query

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
i

With phrase head at offset , associate:i

q
L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

q−1 q+1

⟨ SA[q−1], SA[q+1] ⟩

37 38 39

20 ⟨ 42, 0 ⟩
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row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
i

L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

qq−1 q+1

⟨ SA[q−1], SA[q+1] ⟩
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…
…

   i   Rotation                                                          SA[i] 

   8   _row_your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row   28   
   9   _row_your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row   7   
  10   _your_boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row   53   
  11   _your_boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row   32   
  12   _your_boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row   11   
  13   at$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_bo   61   
  14   atrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_bo   40   
  15   atrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_bo   19   
  16   boat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_   59   
  17   boatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_   38   
  18   boatrow_row_row_your_boatrow_row_row_your_boat$row_row_row_your_   17   
  19   oat$row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_b   60   
  20   oatrow_row_row_your_boat$row_row_row_your_boatrow_row_row_your_b   39  
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Locate query

row_row_row_your_boatrow_row_row_your_boatrow_row_row_your_boat$T
i

⟨ 40, 59 ⟩

L trrrwwwwwwwwwooo___bbbyyyrrrrrrrrruuutt$______aaaoooooooooooo___

qq−1 q+1
14 15 16

18

⟨ SA[q−1], SA[q+1] ⟩
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Locate query

T

0 7 8 10 11 12 14 15 16 17 18 19 20 41 42 44 45 53 54 55 56 57 58 59 60 61 62 63
22 29 30 32 33 34 36 37 38 39


5
40 41 42 15 13 16 0 10 18 20


3
9 63 19 17 11 8 - 21

47 62 57 61 - 43 42 45 60 55 59 56 0 21 22 24 25 33 34 35 36 37 38 39 40 41 58 46SA[q+1]
SA[q−1]

i

Put these in a table called “ " N

N

How do we use  to answer arbitrary queries of the form: 
Given , what are  & ? 

N
q SA[q−1] SA[q+1]

Preview: use LF to travel (quickly?) to a text 
offset  recorded in the table; compute answers 
based on stored  &  

i
SA[q−1] SA[q+1]


