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Biological Data vs. Moore’s Law



Sequencing Cores == Accessibility  
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The FM-index which is BWT in combination with the SA.  It allows for 
compression of the text but still enables fast substring queries.
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Burrows Wheeler Transform



7 $ACAACAC 
2 AACAC$AC 
5 AC$ACAAC 
0 ACAACAC$ 
3 ACAC$ACA 
6 C$ACAACA 
1 CAACAC$A 
4 CAC$ACAA

FM-index
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𝑇 = ACAACAC$

ℳ BWTSA

Ferragina and Manzini [FOCS 2000]

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.
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𝑇 = ACAACAC$

ℳ BWTSA

Ferragina and Manzini [FOCS 2000]

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.

Seed and extend: find exact short 
matches and then extend to find 

approximate alignments.



Given a text 𝑆[1..𝑛] and a pattern 𝑃[1..𝑚].  The substring 𝑃[𝑖..𝑖 + ℓ − 
1] of length ℓ is a maximal exact match (MEM) of 𝑃 in 𝑆 if:

𝑃: G G G C G A A T A T G

15

Maximal Exact Matches (MEMs)

1. 𝑃[𝑖 .. 𝑖 + ℓ − 1] occurs in 𝑆;
2. 𝑃[𝑖 − 1..𝑖 + ℓ − 1] and 𝑃[𝑖 .. 𝑖 + ℓ] does not occur in 𝑆.

A G T T T A G T C C C A A T A T A T T T T A𝑆:
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2 AACAC$AC 
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1 CAACAC$A 
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𝑇 = ACAACAC$

ℳ BWTSA

Ferragina and Manzini [FOCS 2000]

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.

Indexing  500 GB of data would 
require 500 GB  of memory. 
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2 AACAC$AC 
5 AC$ACAAC 
0 ACAACAC$ 
3 ACAC$ACA 
6 C$ACAACA 
1 CAACAC$A 
4 CAC$ACAA

FM-index

17

𝑇 = ACAACAC$

ℳ BWTSA

Ferragina and Manzini [FOCS 2000]

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.

Indexing 5 TB of data would 
require 5 TB of memory. 



Build a pangenomics index in sub-linear memory a manner
that it can efficiently support read alignment. 
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Our Goal



7 $ACAACAC 
2 AACAC$AC 
5 AC$ACAAC 
0 ACAACAC$ 
3 ACAC$ACA 
6 C$ACAACA 
1 CAACAC$A 
4 CAC$ACAA

RLBWT
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𝑇 = ACAACAC$

ℳ BWTSA

Mäkinen and Navarro [TCS 2007]

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.

The RLBWT has size proportional to 
the number of runs in the BWT. 

Runs 
(𝑟)
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𝑇 = ACAACAC$

ℳ BWTSA

Text index which allows fast substring queries 
in compressed space.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at constant 
distance intervals.

Runs 
(𝑟)

The SA samples space scales linearly 
with the length of the text



7 $ACAACAC 
2 AACAC$AC 
5 AC$ACAAC 
0 ACAACAC$ 
3 ACAC$ACA 
6 C$ACAACA 
1 CAACAC$A 
4 CAC$ACAA

𝑟-index
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𝑇 = ACAACAC$

ℳ BWTSA

Gagie, Navarro, Prezza [JACM 2020]

Gagie et al. defined a new SA sample that can be 
stored in O(r)-space, where r is the number of 
runs of a character in the BWT.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at run boundaries.

• Additional (small) data structure to 
reconstruct SA.

Runs 
(𝑟)
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𝑇 = ACAACAC$

ℳ BWTSA

Gagie, Navarro, Prezza [JACM 2020]

Gagie et al. defined a new SA sample that can be 
stored in O(r)-space, where r is the number of 
runs of a character in the BWT.

• Burrows-Wheeler transform (BWT).

• Suffix Array (SA) samples at run boundaries.

• Additional (small) data structure to 
reconstruct SA.

Runs 
(𝑟)

Problem: 
How to build the r-index?



Prefix-free parsing  
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The prefix-free parsing 𝑃 of 𝑆 with dictionary 𝐷 is computed 
by choosing a set 𝐸 of strings of length 𝑤 (trigger strings), and
dividing 𝑆 into overlapping phrases that start and end with a 
trigger string and does not contain any trigger string.

Boucher et al. [WABI 2018]



Prefix-free parsing
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The prefix-free parsing 𝑃 of 𝑆 with dictionary 𝐷 is computed 
by choosing a set 𝐸 of strings of length 𝑤 (trigger strings), and
dividing 𝑆 into overlapping phrases that start and end with a 
trigger string and does not contain any trigger string.

The r-index (SA + RLBWT) is 
constructed from P and D.



Prefix-free parsing
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𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A
We consider 𝑆 to be circular and we append 𝑤 copies of #

𝐸={AC,AG,T#,##}

𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A # #

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A # #



Prefix-free parsing
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𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A
We consider 𝑆 to be circular and we append 𝑤 copies of #

𝐸={AC,AG,T#,##}

𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A # #

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

𝑆: G A T T A C A T # G A T A C A T # G A T T A G A T A # #



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

If a sequence in T is a 
prefix of another 

sequence in T

#GATTACfdf
#GATTACTTA



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

If a sequence in T is a 
prefix of another 

sequence in T

#GATTACfdf
#GATTACTTA

𝐸={AC,AG,T#,##}



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

If a sequence in T is only 
a suffix of one sequence 
in D then we need only 

to consider D.



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

If a sequence in T is only 
a suffix of one sequence 
in D then we need only 

to consider D.



Prefix-free parsing
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𝐷={##GATTAC,ACAT#,AGATA##,T#GATAC,T#GATTAG}

𝑇: {##GATTAC,#GATTAC,GATTAC,ATTAC,TTAC,TAC,
ACAT#,CAT#,AT#,
AGATA##,GATA##,ATA##,TA##,A##
T#GATAC,#GATAC,GATAC,ATAC,TAC,
T#GATTAG,#GATTAG,GATTAG,ATTAG,TTAG,TAG}

𝑃= D[1]  D[2]  D[4] D[2]   D[5]    D[3]

If a sequence in T is a 
suffix of more than one 
sequence in D then we 

consider D and P.



We gave an algorithm for indexing repetitive text in 
sub-linear time [RECOMB 2019].
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Toward a sub-linear solution

Taher Mun,
JHU

Mun et al. [RECOMB 2019]



We gave an algorithm for indexing repetitive text in 
sub-linear time [RECOMB 2019].
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Toward a sub-linear solution

Problem: Cannot find MEMs!

Taher Mun,
JHU

Mun et al. [RECOMB 2019]



Matching statistics
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𝑆: GATTACAT$GATACAT$GATTAGATA$

The matching statistics of 𝑃 with respect to 𝑆 is the array 𝑀[1. . 𝑚]
such that 𝑀[𝑖] is the length of the longest prefix of 𝑃[𝑖. . 𝑚] that 
occurs in 𝑆.  

𝑃: TATACAGAT

𝑀: 254324321



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: 



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T $GATACAT$GATTAGATA#GATTACAT
16   4   T $GATTAGATA#GATTACAT$GATACAT
25   0   T A#GATTACAT$GATACAT$GATTAGAT
4   1   T ACAT$GATACAT$GATTAGATA#GATT
12   8   T ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: 



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C A G A 1



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A T$GATACAT$GATTAGATA#GATTACA
15   5   A T$GATTAGATA#GATTACAT$GATACA
24   1   A TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A TTACAT$GATACAT$GATTAGATA#GA
19   3   A TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C A G A 1



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C A G 2 1



Matching statistics using the LCP Array
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C 4 3 2 1
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1 C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C 4 3 2 1

Find the longest prefix of A G A T that is 
preceded by C in 𝑆. 

We use the LCP array to find the length of the 
longest prefix.

It is the longest prefix of the suffix of 𝑆
corresponding to either the preceding C or the 
following C in the BWT of 𝑆.
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C 4 3 2 1

Find the longest prefix of A G A T that is 
preceded by C in 𝑆. 

We use the LCP array to find the length of the 
longest prefix.

It is the longest prefix of the suffix of 𝑆
corresponding to either the preceding C or the 
following C in the BWT of 𝑆.
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C AT$GATACAT$GATTAGATA#GATTAC
14   6   C AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A C 4 3 2 1

Find the longest prefix of A G A T that is 
preceded by C in 𝑆. 

We use the LCP array to find the length of the 
longest prefix.

It is the longest prefix of the suffix of 𝑆
corresponding to either the preceding C or the 
following C in the BWT of 𝑆.
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A 2 4 3 2 1
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A CAT$GATACAT$GATTAGATA#GATTA
13   7   A CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T A 2 4 3 2 1
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T  AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A  TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: T A T 3 2 4 3 2 1
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: 2 5 4 3 2 4 3 2 1
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𝑆: G A T T A C A T $ G A T A C A T $ G A T T A G A T A #
𝐵𝑊𝑇(𝑆): A T T T T T T C C G G G G A A A $ # $ A A A T A T A A

SA  LCP BWT F            ℳ L
26   0   A #GATTACAT$GATACAT$GATTAGATA
8   0   T  $GATACAT$GATTAGATA#GATTACAT
16   4   T  $GATTAGATA#GATTACAT$GATACAT
25   0   T  A#GATTACAT$GATACAT$GATTAGAT
4   1   T  ACAT$GATACAT$GATTAGATA#GATT
12   8   T  ACAT$GATTAGATAG#ATTACAT$GAT
21   1   T AGATA#GATTACAT$GATACAT$GATT
6   1   C  AT$GATACAT$GATTAGATA#GATTAC
14   6   C  AT$GATTAGATA#GATTACAT$GATAC
23   2   G  ATA#GATTACAT$GATACAT$GATTAG
10   3   G  ATACAT$GATTAGATA#GATTACAT$G
1   2   G  ATTACAT$GATACAT$GATTAGATA#G
18   4   G  ATTAGATA#GATTACAT$GATACAT$G
5   0   A  CAT$GATACAT$GATTAGATA#GATTA
13   7   A  CAT$GATTAGATA#GATTACAT$GATA
22   0   A  GATA#GATTACAT$GATACAT$GATTA
9   4   $  GATACAT$GATTAGATA#GATTACAT$
0   3   #  GATTACAT$GATACAT$GATTAGATA#
17   5   $  GATTAGATA#GATTACAT$GATACAT$
7   0   A  T$GATACAT$GATTAGATA#GATTACA
15   5   A  T$GATTAGATA#GATTACAT$GATACA
24   1   A  TA#GATTACAT$GATACAT$GATTAGA
3   2   T  TACAT$GATACAT$GATTAGATA#GAT
11   9   A TACAT$GATTAGATA#GATTACAT$GA
20   2   T  TAGATA#GATTACAT$GATACAT$GAT
2   1   A  TTACAT$GATACAT$GATTAGATA#GA
19   3   A  TTAGATA#GATTACAT$GATACAT$GA

𝑃: T A T A C A G A T
𝑀: 2 5 4 3 2 4 3 2 1

Problem: LCP requires linear 
time to build!
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SA BWT LCP F       ℳ
⋮ ⋮ ⋮ ⋮
67  G   7  ACACAG#GACACAG#... 
27  T  11  ACACAG#GACAGAT#...
52  T  12  ACACAG#GACAGT#G...
91  T  11  ACACAG#GACAT#GA...
83  C   4  ACACGG#TACACAG#...
77  C   3  ACAG#CACACGG#TA...
69  C   5  ACAG#GACACAG#CA... 
29  C   9  ACAG#GACAGAT#AG...
54  C  10  ACAG#GACAGT#GAC...
93  C   9  ACAG#GACAT#GACA...
35  G   4  ACAGAT#AGACAGAT...
44  G   7  ACAGAT#TACACAG#...
111  G   6  ACAGATA!GATTACA...
60  G   4  ACAGT#GACACAG#G...
105  G   3  ACAT#GACAGATA!G...
99  G   9  ACAT#GACAT#GACA...
4  T   7  ACAT#GATACAT#GA...
12  T   8  ACAT#GATTAGAT#T...
85  C   2  ACGG#TACACAG#GA...
⋮ ⋮ ⋮ ⋮

𝑃: T A T T A T A C A C G
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SA BWT LCP F       ℳ
⋮ ⋮ ⋮ ⋮
67  G   7  ACACAG#GACACAG#... 
27  T  11  ACACAG#GACAGAT#...
52  T  12  ACACAG#GACAGT#G...
91  T  11  ACACAG#GACAT#GA...
83  C   4  ACACGG#TACACAG#...
77  C   3  ACAG#CACACGG#TA...
69  C   5  ACAG#GACACAG#CA... 
29  C   9  ACAG#GACAGAT#AG...
54  C  10  ACAG#GACAGT#GAC...
93  C   9  ACAG#GACAT#GACA...
35  G   4  ACAGAT#AGACAGAT...
44  G   7  ACAGAT#TACACAG#...
111  G   6  ACAGATA!GATTACA...
60  G   4  ACAGT#GACACAG#G...
105  G   3  ACAT#GACAGATA!G...
99  G   9  ACAT#GACAT#GACA...
4  T   7  ACAT#GATACAT#GA...
12  T   8  ACAT#GATTAGAT#T...
85  C   2  ACGG#TACACAG#GA...
⋮ ⋮ ⋮ ⋮

Find the longest prefix of A C A C G
that is preceded by T in 𝑆. 

It follows either the previous T or 
the next T in the BWT of 𝑆.

For each pair of consecutive runs of the 
same character, we can store a threshold
𝑖 such that:

• If the match is above 𝑖, we “jump up”.
• Otherwise, we “jump down”.
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SA BWT LCP F       ℳ
⋮ ⋮ ⋮ ⋮
67  G   7  ACACAG#GACACAG#... 
27  T  11  ACACAG#GACAGAT#...
52  T  12  ACACAG#GACAGT#G...
91  T  11  ACACAG#GACAT#GA...
83  C   4  ACACGG#TACACAG#...
77  C   3  ACAG#CACACGG#TA...
69  C   5  ACAG#GACACAG#CA... 
29  C   9  ACAG#GACAGAT#AG...
54  C  10  ACAG#GACAGT#GAC...
93  C   9  ACAG#GACAT#GACA...
35  G   4  ACAGAT#AGACAGAT...
44  G   7  ACAGAT#TACACAG#...
111  G   6  ACAGATA!GATTACA...
60  G   4  ACAGT#GACACAG#G...
105  G   3  ACAT#GACAGATA!G...
99  G   9  ACAT#GACAT#GACA...
4  T   7  ACAT#GATACAT#GA...
12  T   8  ACAT#GATTAGAT#T...
85  C   2  ACGG#TACACAG#GA...
⋮ ⋮ ⋮ ⋮

Rossi et al. [RECOMB 2021]

Between two consecutive runs 𝐵𝑊𝑇 𝑖!. . 𝑖 and 
𝐵𝑊𝑇[𝑗. . 𝑗!] of the same character 𝑐, we store the 
threshold position 𝑘 such that:

1. For all suffixes 𝑖 ≤ 𝑥 < 𝑘, 𝑙𝑐𝑝 𝑆𝐴 𝑥 , 𝑆𝐴 𝑖 ≥
𝑙𝑐𝑝(𝑆𝐴[𝑥],SA[j])

2. For all suffixes 𝑘 ≤ 𝑥 ≤ 𝑗, 𝑙𝑐𝑝 𝑆𝐴 𝑥 , 𝑆𝐴 𝑖 ≤
𝑙𝑐𝑝(𝑆𝐴[𝑥],SA[j])

A threshold position 𝑘 between two 
consecutive runs 𝐵𝑊𝑇 𝑖!. . 𝑖 and 𝐵𝑊𝑇[𝑗. . 𝑗!]
of the same character 𝑐, is the position of 
the minimum value of 𝐿𝐶𝑃 𝑖 + 1. . 𝑗 .



Thresholds

53

SA BWT LCP F       ℳ
⋮ ⋮ ⋮ ⋮
67  G   7  ACACAG#GACACAG#... 
27  T  11  ACACAG#GACAGAT#...
52  T  12  ACACAG#GACAGT#G...
91  T  11  ACACAG#GACAT#GA...
83  C   4  ACACGG#TACACAG#...
77  C   3  ACAG#CACACGG#TA...
69  C   5  ACAG#GACACAG#CA... 
29  C   9  ACAG#GACAGAT#AG...
54  C  10  ACAG#GACAGT#GAC...
93  C   9  ACAG#GACAT#GACA...
35  G   4  ACAGAT#AGACAGAT...
44  G   7  ACAGAT#TACACAG#...
111  G   6  ACAGATA!GATTACA...
60  G   4  ACAGT#GACACAG#G...
105  G   3  ACAT#GACAGATA!G...
99  G   9  ACAT#GACAT#GACA...
4  T   7  ACAT#GATACAT#GA...
12  T   8  ACAT#GATTAGAT#T...
85  C   2  ACGG#TACACAG#GA...
⋮ ⋮ ⋮ ⋮

Rossi et al. [RECOMB 2021]

Between two consecutive runs 𝐵𝑊𝑇 𝑖!. . 𝑖 and 
𝐵𝑊𝑇[𝑗. . 𝑗!] of the same character 𝑐, we store the 
threshold position 𝑘 such that:

1. For all suffixes 𝑖 ≤ 𝑥 < 𝑘, 𝑙𝑐𝑝 𝑆𝐴 𝑥 , 𝑆𝐴 𝑖 ≥
𝑙𝑐𝑝(𝑆𝐴[𝑥],SA[j])

2. For all suffixes 𝑘 ≤ 𝑥 ≤ 𝑗, 𝑙𝑐𝑝 𝑆𝐴 𝑥 , 𝑆𝐴 𝑖 ≤
𝑙𝑐𝑝(𝑆𝐴[𝑥],SA[j])

A threshold position 𝑘 between two 
consecutive runs 𝐵𝑊𝑇 𝑖!. . 𝑖 and 𝐵𝑊𝑇[𝑗. . 𝑗!]
of the same character 𝑐, is the position of 
the minimum value of 𝐿𝐶𝑃 𝑖 + 1. . 𝑗 .Build Thresholds at the same 

time as BWT and SA Samples.



Moni: Pangenomics Indexing

• Build an auxiliary data structure (called thresholds) that takes 
O(r) space that lets us compute MEMs.
• We modify prefix free parsing so it is constructed at the same 

time as the r-index. 
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The Finnish term “moni” matches the English term “a lot”



Experimental results – MEMs
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Minimum 
length

ref ref.10 ref.20 ref.50 ref.100 ref.200

25 411,665,60
8

412,292,27
6(+0.15%)

412,383,56
2(+0.17%)

412,580,10
7(+0.22%)

412,678,27
7(+0.25%)

412,818,38
7(+0.28%)

50 309,876,12
8

311,825,33
3(+0.63%)

311,986,53
0(+0.68%)

312,172,01
2(+0.74%)

312,298,46
9(+0.78%)

312,460,49
9(+0.83%)

75 253,953,55
1

264,406,22
0(+4.12%)

264,941,23
5(+4.33%)

265,311,23
0(+4.47%)

265,510,47
5(+4.55%)

265,770,83
9(+4.65%)

Thresholds for a collection of Human genomes.
• ref: GRCh37 human reference genome
• ref.10: GRCh37 human reference genome + 9 variants
• ref.20: GRCh37 human reference genome + 19 variants
• ref.50: GRCh37 human reference genome + 49 variants
• ref.100: GRCh37 human reference genome + 99 variants
• ref.200: GRCh37 human reference genome + 199 variants

611 400 000 reads from “The Simons genome diversity project”



Experimental results – MEMs
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Recap

Boucher, Gagie, Oliva, Rossi - Finding MEMs with RLBWT 57

• Computing MEMs from matching 
statistics.

• Computing matching Statistics from 
Thresholds

[Bannai et al. 2020]

• Defining Thresholds as min 
LCP

• Computing Thresholds via 
PFP

[Rossi et al., in submission]

• Building the BWT and SA 
samples of Gagie et al. 
using PFP

[Kuhnle et al., RECOMB 2018]
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Conclusions and Future Work

Pangenomics
Alignment

We are here!
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