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Burrows-Wheeler compression

The Burrows-Wheeler (or Block-Sorting)
compression algorithm is based on the
new concept of transforming the text in
order to make it easier to compress.

The transformation is now called
Burrows-Wheeler Transform and is
strictly related to the Suffix Array.
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[swiss-miss-missing]
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To compute the BWT we
go on transforming each
suffix into a cyclic shift of T.
o W,
é )
The last column of the
resulting matrix is the BWT.
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Burrows-Wheeler Transform

[swiss-miss-missing]
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We discard the Suffix Array
but we keep track of the row
containing the original string
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Burrows-Wheeler Transform

BWT

Swiss-miss-missing
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Important: each column

IS a permutation of T.

The first column contains

the sorted characters
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Things to do next

1. Prove that given the transformed text
we can retrieve T

2. Show that the transformed text is easy
to compress
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SWiss-miss-missing

in F s is above s because
ing<wiss- - -

In L s is in the row prefixed
by ing hence is above s
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We can map each
character in L to
its image in F
\
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We can map each
character in L to
its image in F

~

... even if we only
have Land F ...
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Summing up

The relative order of the occurrences of any
given character in F and L is the same

We can easily build a map telling us where
each characterinLisin F

We call this the LF map and is crucial to
recover T given L



Using the LF map we
retrieve T right-to-left
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Using the LF map we
retrieve T right-to-left
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Using the LF map we
retrieve T right-to-left
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Using the LF map we
retrieve T right-to-left

T = ing

...ahd so on
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Using the LF map we
retrieve T right-to-left

T = sing

. T

S W nnnonns333 FHPPQ

WQ H- -0 ®n 0 .

.38 funp0nnl




What about compression?

Since BWT is a permutation of T, why
should it be “easier” to compress?

The reason is that BWT is usually “locally
homogeneous”
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any given substring are
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The BWT was introduced for data compression: column L is a
permutation of the original text which is locally homogeneous:
equal chars are usually grouped together

final
char
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BWT running time

@ [f we compute the Suffix Array using
a linear time algorithm (eqg. the skew
algorithm) then computing the BWT
takes linear time

@ [nverting the BWT takes linear time
(see python code), but because of
the jumping in the L column, there
are many cache misses so the
constant factor is relatively high



For a while the BWT appeared just as an original
tool for data compression.

Starting with the year 2000, researchers started to
realize that the similarity between the BWT and
the Suffix Array can be exploited to use the BWT
as a sort of “compressed Suffix Array”



Search using the BWT

Suppose we want to count
the occurrences of mis

Working with only F and L
we successively find the
range of rows prefixed by:
S, IS, mis
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Backward search

The rows prefixed by s
are easy to find using F

@e represent F \

storing the position
of the first occ of
each symbol:
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the total cost is:
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Backward search

The rows prefixed by is
are a subset of these and

are consecutive. k
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Backward search

The rows prefixed by is
are a subset of these and

are consecutive. k
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Backward search

The rows prefixed by is
are a subset of these and

are consecutive. k
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Backward search

Since the two I's are the
same, row A is row B
left-shifted by 1.
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Backward search

Since the two I's are the
same, row A is row B
left-shifted by 1.
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Backward search
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Backward search
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Backward search

We have found the rows
prefixed by is!
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Backward search

To find the rows prefixed
by mis we proceed in

the same way
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Backward search

To find the rows prefixed
by mis we proceed in
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Backward search

To find the rows prefixed
by mis we proceed in

the same way
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Backward search

We have found the rows
prefixed by mis!
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Backward search

We have found the rows
prefixed by mis!
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Even if we only have
F and L we can work
as iIf we had the SA

~N

e | TTI

MmisSS-miSS1Ngswis
Mm1SS1NgsSwissS-mis
SW1SS- miss-missi
NgSW1SS+*miSS -M1S
SS-°mM1sSsS-mi1sSsSings
SS-mM1SsS1nNgsSwiss -
SS1NgsSwiliss-miss-

1S/[s-mi1ssS1ingsSwiss
1SS1NgsSwisSS-miss

J

S ununnnonons38 8 F R R RQ

gSw1sSS- miSsS-misSs
-miss-missingswi
-missingswiss-mi
1Ngswiss-miss-mi
S-miss-missingsw
S*missingswiss-m
S1Ngswiss-miss-m
wilss- miss-missin
1Ss°miss-missing

5 83 s 05 00

0w Q H 00 D -




A closer look

The basic step is

going from the rows
prefixed by p to the
rows prefixed by cp
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A closer look
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A closer look

The basic step is

going from the rows
prefixed by p to the
rows prefixed by cp

ﬁ Rank(c,112)

© ©C O

OO 0O 0O 0O 000

113

114

115

116

117

O OO0 00

(@

X N< NN

O 0O




A closer look

The basic step is

going from the rows
prefixed by p to the
rows prefixed by cp

ﬁ Rank(c,112)
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Summing up
Each basic step requires two rank queries on L

We can do a rank query in O(log|A|) time on a
compressed sequence using a Wavelet Tree

Finding the range of rows prefixed by a pattern P
takes O(|P| log|A|) time (no dependency on |T[!).

We have a compressed representation of T
supporting fast queries.



A happy coincidence

£ Project

First draft
of Human
Genome

completed

/

@ People was looking for tools to search in the

human genome
@ Traditional indices did not fit in RAM
@ Compressed indices did!

» Bowtie [Langmead et al. 09], BWA [Li et al,

09], SOAP2 [Li et al, 09] are extremely
popular aligner based on a BWT index.



What does this mean?

@ To efficiently search in a 1GB file it was
necessary to build a full text index of
size 5GB

» Now a BWT-compressed file of size
~300MB was able to store the original
text and a full text index

» An unexpected 16x space reduction!
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