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The Burrows-Wheeler Transform

The Burrows-Wheeler Transform (BWT) is a highly useful tool

@ allows to compress the input while supporting efficient querying
@ part of key tools in bioinformatics such as Bowtie and BWA

The extended BWT (eBWT)

@ original BWT extension to string collections

@ independent of the input order
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Our contributions

@ simple linear time algorithm to compute the original eBWT

© first linear time algorithm to compute the BWT of a single sequence using
neither dollar nor Lyndon rotation

a combination of the new eBWT algorithm with a variant of Prefix-free
parsing (PFP) to compute the eBWT of very large string collections
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The extended BWT

The extended BWT (eBWT) of Mantaci et al. (2007) is a reversible transformation

that takes in input a string collection M producing a permutation of the characters in
the strings of M.

generalized conjugate array

gca eBWT
(1,1) AC (23) AAC C
12123 (1,2) CA (2,1) |[ACA| A =
{ACACA} == 1) ACA ™ (11 |AC | C =
(2,2) CAA (22) CAA A
(23) AAC (12) CA A
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The omega-order (<)

Given two strings U and V/, U is smaller than V' according to the omega-order,
U<, V,itU® <o V?, where U® = UUU-- and V¥ =VVV ...

CAA.
ACA .

ACA
ACA

N >

This definition can be generalized to non-primitive strings.
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Our contributions

@ simple linear time algorithm to compute the original eBWT
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Linear time algorithm for eBWT

@ adaptation of the SAIS algorithm of Nong et al. (2011): SAIS-for-eBWT;
important differences are:
@ sorting conjugates instead of suffixes
@ string collections instead of single strings
@ omega order instead of lexicographical order
@ no end-of-string characters

@ similar to the algorithm of Bannai et al. (CPM 2021) for computing the eBWT
(significantly simpler)
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Computing cyclic types in linear time

Let T be a circular string of length at least 2, and 1 < i < |T|
@ iis S type if conj;(T) <joy conj;;1(T)
@ iis L type if conj;(T) >0, conj;.1(T)
@ an S type position i is called LMS-position (“leftmost S”, S*) if i — 1 is L type

Ty T,
M_12345678®234567891011@
I GTACAACGIICGGCACACACGT
S LSLSsSsSsSs s LLLS LS*LSS s L

Two scans for each string are sufficient to compute all types.
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Sort and name the LMS-substrings

@ sort the LMS-substrings
@ build a new string collection using LMS-substrings’ ranks

4223}
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Induced sorting

@ map the correct positions of S* from gca(M")

Ty T,
1 2 3 4 5 6 7 8//'1 2 3 4 5 6 7 8 9 101112
M=IGTACAACGI|[CGGCACACACGT
S Ls*Ls* S ss s"L L LS Ls*Ls*s s L
A C G T
1 2 3 4 5 617 8 9 10 11 12 13114 15 16 17 18} 19 20
gca= 00000 0]00000O0O0[00O0O0O0fO00O
112 2 2 2
5 3 5 7 9 1
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Induce L types

® induce L positions scanning gca from left to right

Ty T,
1 2 3 4 5 6 7 8||1 2 3 45 6 7 8 9 101112
M=IGTACAACG|I[CGGCACACACGT
S Ls*Ls* s ss s"L L LS Ls*LsS*"s s L
A C G T
1 2 3 4 5 617 8 9 10 11 12 13114 15 16 17 181 19 20
gca= 01122 2[0000002f00000f0o0
53579 1 2 2 2 1 2 2 1 2
4 6 8

&‘ A~ __—
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Induce S types

® induce S positions scanning gca from right to left

Ty T,
1 2 3 4 5 6 7 8||1 2 3 45 6 7 8 9 101112
M=IGTACAACG|I[CGGCACACACGT
S Ls*Ls* s ss s"L L LS Ls*LsS*"s s L
A C G T
1 2 3 4 5 6 7 8 9 10 11 12 13|14 15 16 17 181 19 20
gaa= 01 1222|1222002[22000f1 2
535 7 94 4 6 8 1 3 2 2 12
112212 2 1 2 1 1 2
5 3 5 7 6 9 1 7 10 81\1151/
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High level view of the algorithm

@ compute cyclic types [GTACAACG][CGGCACACACGT]
@ s sLssss SFLLLSLSLSSSL

@ sort the LMS-substrings

© name the LMS-substrings

O recurse

© use induced sorting to sort all
positions
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Compute the eBWT

LA NA o, — I
M:[l 2 3 4 5 6 7 8][1 2 3 45 6 7 8 9101112}

GTACAACGICGGCACACACGT

S LSLSSSS SFLLLS LS*LSS S L

A C G T

1 2 3 4 5 6|7 8 9 10 11 12 13|14 15 16 17 18| 19 20
gca= 112 2 12|12 2 2 2 1 2|2 2 11 2|1 2

5357691496 8 41 71013 2 8111} 2 12

1 2 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
eBWT=CTCCACAAAGTAAGTC CU CGTCGG
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Our contributions

© first linear time algorithm to compute the BWT of a single sequence using
neither dollar nor Lyndon rotation
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Building the BWT without $

123475 1 9 3
r= BANAN 3 2 1
LS LS L
1 2 3 5 6
ca = 0 O O 5 3
6 4 2
1 5 3 BWT= N NB A AA =eBWT{T)
6 4 2
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Our contributions

e a combination of the new eBWT algorithm with a variant of Prefix-free
parsing (PFP) to compute the eBWT of very large string collections
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Prefix-free parsing (PFP) for eBWT

@ PFP is a preprocessing step introduced by Boucher et al. (WABI 2018) to
ease the computation of the BWT of large and highly repetitive texts

@ computes a dictionary and a parse
@ BWT construction in space proportional to the size of the dictionary and parse

@ We adapted the PFP to obtain the parse of string collections:

@ no concatenation and no end-of-string characters

@ dictionary phrases are defined circularly
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Cyclic Prefix-free parsing (PFP)

@ compute the trigger strings [G TACAAC G][C GGCACACACG T]
@ sort dictionary phrases /— 3 \
: . CAACGG
© build the parse CACA o
D =| CACGTQGG
\‘ GGCA
GGTACA

1

P =[15|422 3|
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Using PFP to build the eBWT

Q@ BWT({154223})=542231
CAACKGG

@ compute the e BWT of P

@ build the eBWT of the input p = CACA ~
collection CACGTCLG
o GGCA
GGTACA
¥ 4 LY
GG.. C ACA..
{GG... C 1 ACA.
ACA..
concatenate two Cs -
output
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Experimental results — chrl9
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Experimental results — SARS-CoV-2

Number of sequences in collection
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Experimental results — salmonella

Number of sequences in collection
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Thank you for your attention
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